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TM . SPECTRAL C H A R A C T E R I S T I C S  A N D  I M A G E R Y  A N A L Y S I S ,  

VOLCANIC ROCK ASSEMBLAGES, SOUTHERN N E V A D A  

D.M. S p a t z ,  J . V .  T a r a n i k ,  L.C. Hsu 

A b  S T  R Ai: T 

C o m p a r a t i v e  l a b  s p e c t r a  a n d  T h e m a t i c  Mapper i m a g e r y  
i n v e s t i g a t i o n s  a t  5 T e r t i a r y  c a l d e r a s  i n  s o u t h e r n  Nevada 
i n d i c a t e  t h a t  d e s e r t  v a r n i s h  is a b s c v b a n t  rel a t  i ve  t u  
u n d e r l y i n g  h o s t  rocl.::s b e l o w  a b o u t  0.7 t o  1.3 m i c r o m e t e r s ,  
d e p e n d i n g  o n  m a f i c  a f f i n i t y  o f  the s a m p l e ,  b u t  less 
a b s v r b a n t  t h a n  m a f i c  hcis t  r ~ x k s  a t  h i g h e r  w a v e l e n g t h s .  I n  
sixme cases t h e  d i s t i n c t i o n  is li=lst a t  h i g h e r  w a v e l e n g t h s  
( b a n d s  5 a n d  7). Desert  v a r n i s h  o c c u r s  c h i e f l y  a s  t h i n  
i m p r e g n a t i n g  f i l m s .  D i s t r i b u t i u n  o f  s i g n i f i c a n t  v a r n i s h  
a c c u m u l a t i o n s  - o v e r  5 micrometer t h i c k n e s s e s  - is sparse 
a n d  l o c a l i z e d ,  o c c u v i n g  c h i e f l y  i n  s u r f a c e  recesses. T h e s e  
r e l a t i u n s h i p s  r e s u l t  i n  d o m i n a n c e  o f  l i t h o l o g i s  s p e c t r a l  
r e s p o n s e s  i n  t h e  l o n g e r  w a v e l e n g t h  b a n d s  a n d  h i g h  5/2 
v a l u e s  o v e r  f e l s i c  u n i t s  w i t h  e x t e n s i v e  d e s e r t  v a r n i s h  
c o a t i n g s . .  H i g h l y  e v o l v e d  magmat ic  d i f f e r e n t i a t e s  w i t h  
p e r a l k a l i n e  t e n d e n c i e s  a n d  a h i g h  p r o p o r t i o n  o f  
i n c o m p a t i b l e  e l e m e n t s  wh ich  p a r t i t i o n  i n t o  r e s i d u a l  m e l t  
e x h i b i t  c h a r a c t e r i s t i c  s p e c t r a .  T h e s e  u n i t s  a r e  u n u s u a l l y  
r e f l e c t a n t  i n  b a n d  7, l e a d i n g  t o  a n o m a l o u s l y  l o w  517 
V a l  ues. 

T h e s e  l i t h o l o g i c ,  p e t r o c h e m i c a l ,  a n d  d e s e r t  v a r n i s h  
c o n t r o l l e d  s p e c t r a l  r e s p o n s e s  l e a d  t u  c h a r a c t e r i s t i c  TM 
band  r e l a t i u n s h i p s  wh ich  t e n d  to co r re l a t e  w i t h  
c o n v e n t i o n a l l y  m a p p a b l e  g e o l o g i c  f o r m a t i o n s .  The  c o n c e p t  o f  
a R o c k - V a r n i s h  I n d e x  CWI) is i n t r o d u c e d  t o  h e l p  
d i s t i n g u i sh r IX I.: s w i t t i  p 1-1 t e n  t i a 1 1 y d et e c  t ab  1 e v a r  n i s h . 
F e l s i c  r o c k s  h a v e  a h i g h  R V I ,  a n d  t h o s e  w i t h  e x t e n s i v e  
dese r t  v a r n i s h  b e h a v e  d i f f e r e n t l y ,  s p e c t r a l l y ,  f r o m  t h o s e  
w i t h o u t  e x t e n s i v e  v a r n i s h .  The  s p e c t r a l l y  d i s t i n c t i v e  
v s l c a n i c  f o r m a t i o n s  a t  S t o n e w a l l  Mounta in  p r o v i d e  e x c e l  l e n t  
5tat i st i cal cl a55 s e g r e g a t i o n  o n  s u p e r v i s e d  c l a s s i  f i c a t i u n  
i m a g e s .  A b i n a r y  d e c i s i o n  r u l e  f low-d iag ram i s  p r e s e n t e d  t o  
aid TM i m a g e r y  a n a l y s i s  over v o l c a n i c  t e r r a n e  i n  s e m i - a r i d  
e n  v i r o n  men t s . 

INTRODUCTION 

T h e  Mackay S c h o o l  # i f  Mines  w a s  awarded  a 3-year c o n t r a c t  
i n  1'384 b y  N A S A  t o  i n v e s t i g a t e  t h e m a t i c  mapper (TM) i m a g e r y  
o v e r  T e r t i a r y  v c l l c a n i c  c e n t e r s  i n  s o u t h e r n  Nevada. T h e  
p r i m a r y  o b j e c t i v e  o f  t h e  s t u d y  is t o  e s t a b l i s h  
r e 1 a t  i o n  s ti  i p s b et  w e  e n  c over t y p  es , 1:: h i e f 1 y s el: o n  d ar y 
m i n e r a l  c o a t i n g s  a n d  p r i m a r y  l i t h u l o g i e s ,  a n d  to e v a l u a t e  
v a r i o u s  c o v e r - t y p e  c c m t r i b u t i o n s  tm t h e  I > v e r a l l  s p e c t r a l  
cclrnpi~siti1Dn i n  o r d e r  t v  i m p r o v e  a p p l  i c a t i c r n  of TM i m a g e r y  
to  v o l c a n i c  rix1-k a s s e m b l a g e s  i n  a r i d  t u  s e m i - a r i d  
e n v i r o n m e n t s .  T h r e e  s t u d y  s i t e s  i n  s l x t h e r n  Nevada  w e r e  
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selected a n d  512x512 TM s u b s c e n e s  l i  f t e d  f u r  d e t a i l e d  
e x a m i n a t i o n  o v e r  e a c h .  T h i s  p a p e r  w i l l  f o c u s  on  t h e  
s p e c t r a l  c h a r a c t e r  o f  t h e  v a r i o u s  vct1i:anic rock:: a s s e m b l a g e s  
a n d  d e s c r i b e  p l 3 t e n t i a l l y  u s e f u l  image  c r i t e r i a  f o r  v o l c a n i c  
1 i t tic1 1 o g  y d i 5 1 :  r i m i n a  t i on  a n d  d eser t v a r  n i sti e v a l  u a  t i on .  

L a t e  summer to f a l l  Landssat 5 TM s c e n e s  were r e a d  o n t o  
di:sl.: a n d  a1 1 p r u c e s s i n g  c o n d u c t e d  on t h e  Mackay S c h o o l  of 
Mines '  VAX 11/780 b a s e d  ESL cumpac t  i n t e r a c t i v e  d i g i t a l  
i m a g e  m a n i p u l a t i 1 F n  s y s t e m  ( I D I M S ) .  S p a t z ,  T a r a n i k ,  a n d  HSU 
(1'3€37a a n d  1987b3) 3)  d e s c r i b e  p r e l i m i n a r y  i m a g e  p r o c e s s i n g  
arid l i t t i o l o g i c  , d i s c r i m i n a t i o n  t e c h n i q u e s  at  t h e s e  s i tes.  TM 
i m a g e r y  i n f l u e n c e  a n d  o r i g i n  s f  d e s e r t  v a r n i s h  were 
d e s c r i b e d  b y  S p a t z ,  T a r a n i k ,  a n d  HSU, a s  w e l l  1'1987~:). 
E x c e p  t i o n  a 1 
l o n g e r  w a v e l e n g t h  band  a n d  band  r a t io  c o m p o s i t e s  a n d  I S H  
a n d  p r i n 1: i p 1 e c clmponen t s t r a n s  for m a t  i 1sns w i t t i  emp h a s  i s o n  
bands 3, 5, a n d  7. 

1 i t h u  1 o g  i 1: d i sic r i m i n a t  i o n  w a s  a c  t i  i e v e d  b y 

S T U D Y  SITES 

The  3 s t u d y  s i tes  ( F i g u r e  1) p r o v i d e  s u p e r i o r  s e t t i n g s  
i n  terms u f  e x p o s u r e ,  p r e s e r v a t i o n ,  l i t h o l o g i c  d i v e r s i t y ,  
a n d  a p r e e x i s t i n g  da ta  b a s e  c o l l e c t e d  b y  p r e v i o u s  
r e s e a r c h e r s  at- Mackay,  p r i n c i p a l l y  D r .  Dona ld  12. N o b l e .  
Each  s i t e  r e n t e r s  on  or s t r a d d l e s  a w e l l  d e f i n e d  y o u t h f u l  
c a l d e r a  s t r u c t u r e  w i t h  d i s c r e t e  a s h  f l o w  t u f f  dep13rsits  a n d  
asso: i a t  e d  1 a v a s  . Eat: t i  r-en t er was s o u r c e  far mu1 t i p 1 e 
c u t  f 1 o w  ash d e p s s i  t s t h a t  e x t e n d  o v e r  30 km d i  st a1 1 y.  Sclme 
1:lf t h e s e  majclr p y r o c l a s t i c  s h e e t s  are  d i s t i n c t i v e  
1: t i  e m  i c a 1 1 y . Dev i t r i f i 1: a t  i o n  , v a p  or -p 17 ase a 1 t er a t  i o n  , a n d  
w e l d i n g  h i s t o r y  v a r y  f r o m  u n i t  to u n i t  a n d  w i t h i n  u n i t s .  
R a i n f a l l  averages 4-8 i n c h e s  a n n u a l l y  a n d  v e g e t a t i v e  c o v e r  
is generally s p a r s e .  

T h e  S t o n e w a l l  M o u n t a i n  p r o j e c t  b o u n d a r y  s t r a d d l e s  t h e  
e a s t e r n  m a r g i n  o f  t h e  S t o n e w a l l  M o u n t a i n  c a l d e r a  a n d  t h e  
w e s t e r n  m a r g i n  o f  t h e  Mount H e l e n  c a l d e r a .  B o t h  S t o n e w a l l  
a n d  B l a c k  M o u n t a i n  l i e  w i t h i n  t h e  N e l l i s  A i r  F o r c e  base 
Bombing Range  i n  Nye C s u n t y  a b o u t  25 m i l e s  SE o f  G o l d f i e l d .  
AcI:ess is p r e c e e d e d  b y  s e c u r i t y  1:leararice w i t h  t h e  R a n g e  
Cummander at N e l l i s  i n  Las V e g a s  a n d  m i l i t a r y  escort is 
r e q u i r e d  on  r a n g e .  TI:qCrgraptiic rel ief w i t h i n  t h e  S t o n e w a l l  
s i t e  v a r i e s  m o s t l y  w i t t i i n  a r a n g e  o f  ab tsunt  €(X) feet. 
E l o v a t i o n  a t  b l a c k  Mmuntain r a n g e s  f r o m  a b o u t  GOrIcI feet to 
7235 feet a n d  a b o u t  3200-EZ00 a t  Kane S p r  i n g 5  Wash. 

METHOD OF INVESTIGATION 

WcsrC:: c o n d u c t e d  for  t h i s  . p a p e r  i n c l u d e d  i m a g e r y  
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c l a s s 1  f i c a t  i o n ,  bc1tl.i s u p e r v i s e d  and  u n s u p e r v i s e d ;  
d i r e c t i t m a 1  f i l t e r s  f o r  basal g l a s s  e n h a n c e m e n t ;  v e g e t a t i r m  
r e d u c t i o n ,  i n v o l v i n g  band  ra t ios  and  band  ra t io  a d d i t i c m  
a n d  s u b t r a c t i o n ,  at & n e  S p r i n g s  Wash; b i n a r y  a n d  t e r n a r y  
d i a g r a m s  t h a t  p l o t  v o l c a n i c  u n i t s  o n  band  v s  b a n d  a n d  band  
v s  I iompos i i  t o n  axes; d e r i v a t i o n  o f  a F:lack-Varnish I n d e x  
(RVI:);  a n d  d e v e l o p m e n t  I2f a b i n a r y  d e c i s i o n  r u l e  
f 1 12 w -d i ag r a m  f t x  a s s e s s m e n t  o f vu  1 c a n  i c c a 1 der a 1 i t ti 1 2  1 u g  i es 
i n  a r i d  to s e m i - a r i d  e n v i r m n m e n t s .  O t h e r  w o r k ,  c o n d u c t e d  
las t  summer u r  d u r i n g  p r e v i o u s  semesters, is r e i t e r a t e d  f o r  
b a c k g r o u n d .  13euctierniI:al a n a l y s e s  w e r e  c o n t r a c t e d  c u t  a n d  
i n c l u d e  r e s u l t s  c o 1  l e c t e d  bmtti d u r i n g  t h i s  i n v e s t i g a t i c ~ n  
a n d  a n a l y s e s  p r o v i d e d  b y  Dr .Nub le  f r o m  ea r l i e r  w c r r k  o n  
t ti es e v o  1 1: a n  i c c e n  t e r s . 

IMAGERY FROCESS I NG 

I m a g e r y  p r o c e s s i n g  w a s  a c c o m p l i s h e d  o n  t h e  S c h o o l ' s  V a x  
11/78(3 b a s e d  E l e c t r o m a g n e t i c  S y s t e m s  L a b o r a t u r i e s  (ESL, a 
s u b s i d i a r y  o f  TRW I n c .  j c c ~ m p a c t  I n t e r a c t i v e  D i g i t a l  Image 
M a n i p u l a t i o n  System (IDIMSI a n d  a c o m p a c t  p e r s o n a l  c o m p u t e r  
image a n a l y s i s  s t a t i o n  ( T a b l e  21 .  The  ~ i o m p a c t  I D I M S  o f f e r s  
o v e r  250 a p p 1 i c a t  i un s f un c t i un s i mp 1 e m e  n t e d  b y c v m  man d 
l a n g u a g e  or menu. 

P r i o r  t o  c c m d u c t i n g  a n y  f i e l d  wclrC:: a n d  i n  a d v a n c e  u f  a n y  
s i g n i f i c a n t  k n o w l e d g e  o f  ttie areas u n d e r  i n v e s t i g a t i o n ,  
image p r u c e s s i n g  was c o n d u c t e d  on e a c t i  o f  ttie 512 x 512 
s u b s c e n e s .  T h i s  a - p r i i w i  a p p r o a c h  w a s  i n t e n d e d  to r e s u l t  i n  
u n b i a s e d  remcl te  s e n s i n g  u n i t s  b y  c l b j e c t i v e  p r c ~ c e s s o r s .  
F i e l d  s a m p l i n g  w a s  t h e n  p a r t i a l l y  b a s e d  rJn t h e s e  p r e - f i e l d  
i m a g e s ,  s a m p l e  s i t e s  s e l e c t e d  to i n c l u d e  remote s e n s i n g  
u n i t s  d i s t i n c t i v e  i n  terms o f  c o l l w ,  t o n a l ,  textural ,  or 
p at t e r  n Fur t tier i m a g  er y p r c t c  ess i n CJ w a s  
t h e n  c c m d u c t e d  i n  the f a l l  o f  1986, a f t e r  the p r e v i o u s  
summer ' si f i e l d  wlrsr 1::. T h e  a i m  o f  s u b s e q u e n t  i m a g e r y  
m a n i p u l a t i o n  a n d  a s s e s s m e n t  h a s  b e e n  t o  r e f i n e  e n h a n c e m e n t  
t e c h n i q u e s  a n d  clmtrast b e t w e e n  r o c k  u n i t s  w i t h  b e n e f i t  o f  
d i r ec t 

c t i  ar ac t e r  i st i c 5 I 

f i el d e:/; p er i e n c  e. 

F u r  e a c h  s u b s c e n e  ttie f o l l o w i n g  images w e r e  p r o d u c e d  a n d  
ptiI>tcngraptied w i t h  t h e  s y s t e m ' s  Dunn camera p e r i p h e r a l  on  
a d m m  f i l m :  c)c 

INDIVIDUAL BANDS: 1 , 2 ,3 ,4 ,5 ,7  
BAND R A T I O S :  4/3, 311 or 3/2, 5/1 or 512, 5/7 
SIMPLE COMFOSITES: 3-2-1, 3-5-7, 1--3-5, 3/1-5/7-4 
I S H :  i n d i v i d u a l  i n t e n s i t y ( I 1 ,  s a t u r a t i c t n ( : S j ,  t i ue ( l i j  

cln b a n d s  3-5-7 and 1-3-5 
I S H  COMFOSITES: 3-5-7, 1-3-5, 1-2-4, 2-4-5 
FE I N C  I FLE COMPONENTS : i n d i v i d u a  1 F C  ' s 1 ,2 , 3,4,5, %€, 



A l . l ; t i ~ ~ i g t i  i m a g e  c t x n p o s i t e s  o t h e r  t h a n  t h o s e  l i s t e d  a b o v e  
were r e v i e w e d ,  t h e s e  band  r e l a t i o n s h i p s  a n d  i m a g e r y  
r e n d i t  i o n s  a r e  th l augh t  to r e p r e s e n t  b e s t  c c ~ n t r a s t  
r e l a t i o n s h i p s  b e t w e e n  l i  t t i o l u g i e s  a n d  shc lu ld  e n h a n c e  
c o a t  i n g  c tiar ac t er i st i I: 5 i n a ~ m u c  t i  as enip tiasi s i 5 p 1 aced 6 n  
t h e  " a l t e r a t i o n "  b a n d s ,  b a n d s  3 a n d  7. Band 5 is a w e l l  
e s t a b l i s h e d  h i g h  c c m t r a s t  s p e c t r a l  i n t e r v a l  for  m o s t  c o v e r  
t y p e s ,  e s p e c i a l l y  1 i t t i o l o g i e s  w i t h  r e g a r d  to d i v a l e n t  i r o n  
c o n t e n t .  E a c h  i n d i v i d u a l  band  image  a n d  c o m p o s i t e  w a s  
c c m t r a s t  s t r e t c h e d ,  1 i n e a r l y ,  u s i n g  t h e  IDIMS s c a l i n g  
f u n c t i o n  ( d e s c r i b e d  belcrwj a t  a .5 t r u n c a t i o n .  A l l  
cmnpos i  tes w e r e  co lor  e n c o d e d  r e d ,  g r e e n ,  b l u e  ( l e f t  ti3 

r i g t i t ) .  Slame o f  t h e  more e f f e c t i v e  images were e d g e  
e n h a n c e d  b y  a k e r n e l  c a n v u l u t i o n  t e c h n i q u e  d e s c r i b e d  b e l o w .  

The f o l l o w i n g  list p r o v i d e s  a b r i e f  d e s c r i p t i m ~  s f  t h e  
IDIMS f u n c t i o n s  u t i l i z e d  for t h i s  p r o j e c t  a n d  s h o u l d  h e l p  
c l a v i  f y  c a p t i o n s  o n  images p r e s e n t e d  i n  f c i l l o w i n g  s e c t i o n s .  
D i s c u s s i o n s  o f  i m a g e  e n h a n c e m e n t  t e c h n i q u e s  h a v e  b e e n  
p r e s e n t e d  b y  Taranik::  (:1'378b> a n d  S a b i n s  (1987). 

SCALE. E a c h  b a n d  w a s  1 i n e a r l y  s t r e t c h e d  u s i n g  I D I M S  
f u n c t i o n  "scale". Whereby a n  a r b i t r a r y  amcunt  o f  b o t h  t h e  
h i g h  a n d  l o w  t a i l s  o f  t h e  b r i g h t n e s s  r a n g e  d i s t r i b u t i o n  o f  
p i x e l s  f o r  e a c h  b a n d  is a s s i g n e d  t o  t h e  m a x i m u m  a n d  minimum 
v a l u e s  r e s p e c t i v e l y ,  a n d  r e m a i n i n g  i n t e n s i t y  v a l u e s  
s t r e t c h e d  t h r a u g h o u t  t h e  1:csrnplete s c a l e  n f  25G. F o r  f i n a l  
c c ~ r n p L i t a t i c * n  a h i s t o g r a m  is c a l c u l a t e d  by t h e  f u n c t i o n .  
E x p e r i m e n t a t i o n  y i e l d e d  a c c s n s i s t e n t  1 y a t t r a c t i v e  v a l u e  
for  t r u n c a t i o n  of (3.5 for inlast i m a g e  m a n i p u l a t i o n  
a p p l i c a t i o n s .  F o r  p r i n c i p l e  ccmponen t  a n a l y s i s ,  h o w e v e r ,  a 
t r u n c a t i o n  v a l u e  uf (3 .2 p r o v e d  s u p e r i o r .  The  r e s u l t  is a 
I: 1-1 n t r as  t e n  t i  a n  c e d i mag e w i t t i  b r i CJ h t n e  5s v a 1 u e s e x t e n  d i n g 
t h e  e n t i r e  r a n g e  of s y s t e m  r e s i a l u t i o n  c a p a c i t y ,  t h u s  
prc lv i  d i  n g  m a x i  m u m  b r i g h t n e s s  c o n t r a s t  b e t  ween c o v e r  t y p e s .  

RATIOS. b a n d  ra t ios  (Band >;/Band yS a re  c o m p u t e d  t h r o u g h  
IDIMS f u n c t i o n  " d i v i d e "  a n d  i n v o l v e  d i v i d i n g  p i x e l  
i n t e n s i t y  v a l u e s  i n  t h e  n u m e r a t o r  band  b y  c u r r e s p o n d i n g  
p i  xel i n t  e n s i  t y v a 1  u e 5  for t h e  band  i n  t h e  denclmi n a t  fix. 
Re s u  1 t i n g v a  1 u e  s t e n  d t o s m o o  t t i  ou t t c~p ug r a p  ti i c r e f 1 ec t a n  1: e 
arid p r o v i d e  r e l a t i v e  b r i g h t n e s s  v a l u e s  r e p r e s e n t a t i v e  o f  
1: o v e r  t y p e .  

EDGE. E d g e  e n h a n c e m e n t  t e c h n i q u e s  i n v o l v e  e i t h e r  c c m r s e  
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u r  f i n e  scale a d . j u s t m e n t s  to smscltti o u t  c ~ ~ n t r a s t  v a r i a t i o n s  
or s h a r p e n  them.  Fcir c u r  p u r p l x e s t  t h e  e d g e  e n h a n c e m e n t  
functi1::ln s h a r p e n s  remote s e n s i n g  u n i t s  by  i n c r e a s i n g  t h e  
c o n t r a s t  a t  u n i t  b o u n d a r i e s .  A "I.::ernel I '  is p r o d u c e d  b y  
IDIMS f u n c t i o n  "KERNEL" w h e r e b y  a 3 x 3 p i x e l  s i z e  area w a s  
sel ec t e d  a n d  a n  a1 gcir i t hm a p p l  i ed t t l s  e a c  t i  p i  xel a t  i t s 
c m t e r  t h rc lugh lx i t  t h e  s c e n e .  The  a l g o r i t h m  i n v o l v e s  
c o m p a r i n g  t h e  c e n t r a l  p i x e l  to b r i g h t n e s s  v a l u e s  o f  t h e  
s u r r u u n d i n g  p i x e l s  ~I: I  i d e n t i f y  t h o s e  wikh a r e l a t i v e l y  
l a r g e  d i  f f e r e n c e .  T h o s e  c e n t r a l  p i x e l s  whose  i n t e n s i t i e s  d o  
v a r y  m a r k e d l y  f r o m  t h e  a v e r a g e  o f  t h o s e  s u r r ~ x m d i n g  i t  are  
e i t h e r  i n c r e a s e d  or d e c r e a s e d  i n  v a l u e  as  a p p r o p r i a t e  t o  
i n c r e a s e  e v e n  f u r t h e r  t h e  i n t e n s i t y  d i  f f e r e n c e .  T h e  k e r n e l  
is mclved a v e r  e a c h  p i  :/;el b y  ttie f u n c t i o n  "CONVOL" .  T h e  
r e s u l t  is to e n h a n c e  t h e  e d g e s  o f  i m a g e r y  u n i t s  r e l a t i v e  t o  
b o r d e r i n g  u n i t s  t h e r e b y  s h a r p e n i n g  ttie c o n t r a s t .  

ISH. The  ISH t r a n s f o r m a t i o n  is a cctmmonly a p p l i e d  
c o mp u t  er  i 2 e d  i mag e man i p u 1 a t  i on  t e c h n i q u e  w h i 1:: t i  s u b  d i v i  d e s  
c o l o r s  i n  color c o m p o s i t e  i m a g e s  i n t o  t h e  o p t i c a l  
p a r a m e t e r s  - i n t e n s i t y  C i l ,  s a t u r a t i o n  (51, a n d  h u e  ( t i )  
CEuctianan, 1'37'3; Haydn,  et .  a l .  , 1982).  R e d ,  g r e e n ,  a n d  b l u e  
a r e  t i - a n s f w m e d  t m  i n t e n s i t y ,  s a t u r a t i o n ,  a n d  h u e ,  a n d  
r e s u l t i n g  3 i m a g e  c o m p o s i t e s  t h u s  r e p r e s e n t  I ,  S, a n d  H, 
r a t h e r  t h a n  t h e  i n d i v i d u a l  i n p u t  b a n d s .  ( :The re  a re  3 i n p u t  
b a n d s .  1) T h e  IDIMS f u n c t i c m  ISH a p p l i e d  t t i rc tulxi t  t h i s  
p r o j e c t  p l o t s  t h e  t h r e e  p r i m a r y  c o l u r s  a t  ttie v e r t i c e s  o f  
a n  r q u i l a % e r a l  t r i a n g l e .  I n t e n s i t y  is d e f i n e d  as t h e  
a v e r a g e  c1f t h e  i n t e n s i t i e s  o f  e a c h  c u l o r  i e a c h  clf t h e  
r s r i g i n a l  bands : ) .  S a t u r a t i o n  i n d i c a t e s  t h e  p u r i t y  o f  a ci:ili:ir 
w i t h  r e s p e c t  t o  d e p a r t u r e  f r o m  a c h r s m a t i c  ( w h i t e )  whil-ti 
p l o t s  a t  ttie c e n t e r  o f  t h e  t r i a n g l e .  S a t u r a t i o n  wou ld  t h u s  
b e  at a minimum a t  t h e  c e n t e r ,  a maximum o n  t h e  t r i a n g l e  
p e r i p h e r y .  Hue i 5  d e f i n e d  i n  r e l a t i c i n  t o  c c t l u r .  I t  b e g i n s  
at  r ed  (.minimum:) , increasing t o w a r d  g r e e n  a n d  t h e n  b l u e ,  
a n d  u p  t o  a maximum a t  r e d  a g a i n .  Each  p a r a m e t e r  - I ,  S, 
a n d  H - r a n g e  fr i - - lm 0-255. An RGB f u n c t i c l n  I D I M S  c o n v e r t s  
I S H  to r e d ,  g r e e n ,  b l u e .  

FF:INC:IPLE CDMFONENTS. D e s c r i p t i u n s  of p r i n c i p l e  
1-omponents  s t a t i s t i c a l  a n a l y s i s  (PC's5 are  g i v e n  b y  D a v i s  
(1 '3731 a n d  Jtxesk1lsg, e t . a l .  C19761. A p p l i c a t i o n  to remote 
s e n s i n g  i m a g e r y  t r a n s f o r m a t i c m  h a s  b e e n  d e s c r i b e d  b y  
F o n t a n e l ,  e t .  a1 . i 19751 ; F'odwysocl::i, e t .  a1 . C 1977) ; a n d  
Tarani l . :  C1'378). FC's, t h e  b a s i s  o f  mcldern factor a n a l y s i s  
s c h e m e s ,  a r e  ttie e g i n v e c t o r s  o f  a v a r i a n c e - c o v a r i a n c e  
m a t r i x .  The  v a r i a n c e  of t w o  v a r i a b l e s ,  i n  t h i s  case 
i n t e n s i t y  v a l u e s  o f  t w o  b a n d s ,  is pllrsted on a n  x-y 
c t x i r d i n a t e  s y s t e m .  A p o i n t  is t h e n  l m a t e d  p e r p e n d i c u l a r  
frmn e a c h  c o l x - d i n a t e  a t  the v a r i a n c e  v a l u e  e x t e n d i n g  a 
d i s t a n c e  e q u a l  to t h e  c o v a r i a n c e .  An e l l i p s e  is p l c l t t e d  
w i t h  i t s  c e n t e r  a t  t h e  I: :Ixlrdinate o r i g i n  a n d  b w m d  n e a r  cone 
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e n d  b y  t h e  t w o  p o i n t s .  The  v e c t u r  f r c l m  o r i g i n  t u  t h e  a p e x  
o f  ttie e l l i p s e  is PC1 a n d  a l l  i n t e n s i t y  v a l u e s  a re  
r e g r e s s e d  t u  t h a t  v e c t o r .  F'C2 i s  p e r p e n d i c u l a r  to FC:l, ~ 

e x t e n d s  t h r c u g h  ttie c o o r d i n a t e  o r i g i n ,  a n d  is bound  b y  ttie 
e l l i p s e .  I t  is always much s h w t e r  t h a n  F'Cl a n d  r e s u l t a n t  
i n t e n s i t y  v a l u e s  c o n s i d e r a b l y  lclwer. F'csdwyscrcI::i (:1977> 
d e c x r i b e s  r e s u l t a n t  v a l u e s  as "new v a r i a b l e s  (:cumportents5 
wh ich  a re  l i n e a r  c o m b i n a t i c i n s  o f  t h e  o r i g i n a l  v a r i a b l e s ;  
e x  t i  1: 1-1 mp on  e n  t 1: on t a i n s LI n c 13 r r e 1 a t ed i n f u r mat i on  ' I  . A 1 1 5 i :I; 

TM h a n d s  may b e  e n t e r e d  a n d  a 1:omplex p r i n c i p l e  cclmpI:inent.; 
a n a l y s i s  c o m p u t e d ,  r e s u l t i n g  i n  G PC's.  The IDIMS func t i cbn  
KLTF:ANS takes  a c o v a r i a n c e  m a t r i x  c o m p u t e d  t t i r t x igh  f u n c t i o n  
ISOCLS a n d  c o m p u t e s  F 'C ' s .  The  p r i n c i p l e  c o m p n n e n t s  
t r an s f or m a t  i o n  t y p i c a 1 1. y p r av i d e5 m a  :I; i mum c t:tn t r as t b et ween 
c o v e r  t y p e s  a n d  F'C c~smpt :~s i t e s  a i d  d i s t i n c t i o n  b e t w e e n  
1 i t h o l o g i e s ,  v e g e t a t i o n ,  a n d  t u p o g r a p h i c  e f  f e c t s .  

OTHER. F-unct icsns  u s e d  t o  c l a s s i f y  i m a g e r y  are  d e s c r i b e d  
i n s l s m e  d e t  a i  1 i n  t h e  f u l l  l s w i  ng  sect i 1sns whi c t i  a d d r e s s  b u t  h 
s u p e r v i s e d  a n d  u n s u p e r v i s e d  c lass i  f i c a t i o n .  

GEOLOGIC SETT I N G S  

STONEWALL M O U N T A I N  AREA 

The  s t u d y  area a t  S t o n e w a l l  M o u n t a i n  i n v o l v e s  t w o  
c a l d e r a  s t r u c t u r e s  - S t o n e w a l l  a n d  t h e  Maxint H e l e n  c a l d e r a s  
( : F i g u r e  2 : ) .  T h e  L a n d s a t  wcJrI.:: s c e n e  s e l e c t e d  f o r  t h i s  s i t e  
u v e r l a p s  bc1th. T t i e  e r r u p t i v e  e v e n t  a t  S t o n e w a l l  w a s  young  
r el a t  i v e  t 1-1 t h e  sout tier n Nevada v o l  Izani I: f i el d i n  g e n e r  a1 - 
G to f5.3 m.y.a.  ( N ~ s b l e ,  e t . a l ,  1984:) a n d  i n v o l v e d  a t w o  
cumpl:lnent c l u t f l u w  a s h  s h e e t .  E x t r a c a l d e r a  ucit f l o w  d e p o s i t s  
from t h e  S t u n e w a l l  M o u n t a i n  c a l d e r a  - The  S t o n e w a l l  
McaunCain T u f f  - c o n ~ i s ; t s  o f  a l n w e r  p u m i c e  r i c h  ash f l o w  
d e p o s i t  - T h e  S p e a r h e a d  Member - o v e r l a i n  b y  a t t i i n e r ,  
t y p i c a l l y  more d e n s e l y  w e l d e d  a s h  flclw s h e e t  - T h e  C i v e t  
Cat Canyon.  T t i e  O i  v e t  Cat Canylsn Member u n d e r  went  
a u t  o-clxi d a t  i mi r e s u l t  i ng  i n a d i  st i nc t i v e  d e e p  r e d d i s h  
maroon brown col i3r  wh ich  f o r m s  a c t i I 3 c o l a t e  bri:wn s u p e r g e n e  
c o a t i n g .  

A f e l s i c  sui te  crf t u f f  a n d  l a v a  r a n g i n g  i n  c o m p o s i t i o n  
f r o m  r h y l s l i t i c  t o  i n t e r m e d i a t e  p r o b a b l y  o r i g i n a t e d  f r o m  t h e  
Mclunt H e l e n  c a l d e r a .  T h e  u n i t s  a re  cream to p a l e  y e l l o w  i n  
w e a t  ti er e d  tsu t I: r np . I n p 1 at: es t t i  ese f e 1 s i c v o  1 c a n  i c s o v e r  1 y 
mure  m a f i c  v u l c a n i l - 5  a n d  f i n e  a i r f a l l  t u f f .  They  a p p e a r  tcl 
i n t e r  f i n g e r  w i t h  t h e  S tmewal l  M l x n t a i n  T u f f .  B a s a l t  f l o w s  
a r e  p r e s e n t  a t  t w o  i s o l a t e d  1 1 x a l s  w i t h i n  t h e  w o r k  area. 
T t i e  w e s t e r n  margi i i  s f  ttie Msunt H e l e n  c a l d e r a  is d e l i n e a t e d  
b y  a nclrmal f a u l t  cons ;p i cu l>us  un L a n d s a t  i m a g e s .  T h e  f a u l t  
is bound wt t h e  w e s t  b y  q u a r t z i t e  p e b b l e / c o b b l e  g r a v e l s ,  



3 



9 

arid on  t h e  east b y  f e l s i c  Mount H e l e n  f l o w s .  

The  B l a c k :  M u u n t a i n  s t u d y  s i t e  c o n s i s t s  o f  a c o n c i s e  w e l l  
e x p c m x j ,  r e l a t i v e l y  s m a l l  c a l d e r a  complex  ( F i g u r e  3 ) .  The  
g @ ~ ~ l ~ x ~ y  w a s  d e s c r i b e d  b y  Nclble, e t . a l .  (:19€4 a n d  1984:), a n d  
N o b l e  a n d  C t i r i s t i a n s e n  (1'374). V u l c a n i c  u n i t s  are  m o r e  
n u m e r  uus and d i  v g r  sc-? t h a n  at t h e  St  I ~ n e w a l  1 s t u d y  area a n d  
were a p p a r e n t l y  p r o d u c e d  i n  p a r t  b y  a m u l t i - c o l l a p s e  
s e q u e n c e .  T h e  c e n t e r  is b e l i e v e d  t o  h a v e  b e e n  a c t i v e  
b e t w e e n  a b o u t  6.5 t I - 1  8.5 m.y. a g o .  T t i e  B l a c k  M o u n t a i n  
v c s l c a n i c s  c~msist o f  i n t r a c a l d e r a  l a v a s  a n d  a n  o u t  f l o w  
s e q u e n c e  - T h e  T h i r s t y  C:anyun T u f f  ( N o b l e ,  e t .  a1 , 1964:). 
B a s i c a l l y  3 or 4 c o l l a p s e  e v e n t s  h a v e  b e e n  r e c o g n i z e d ,  e a c h  
p re l - eded  b y  s u b a l k a l i n e  tm p e r a l k a l i n e  l a v a  e x t r u s i o n .  
Ih l  1 a p s e  w a s  at t e n d e d  b y  major a s h  f 1 o w  e r u p t i o n s ,  
a 1 t er n a  t i n g i n i t i a1 1 y b e t  w e e n  s u b  a1 kal i n e  t 13 c omend i t i c 
compos i  t i ms w i  t t i  a g e n e r  a1 t r e n d  t uwar d g r e a t e r  
p er a 1 k a 1 i n i t y up set: t i on . 

The  Gold  F1.at  member is t h e  y o u n g e s t  a s h  f l o w  d e p o s i t .  
I t  p c l s t d a t e s  f i n a l  c a l d e r a  c o l l a p s e  and  is a p a n t e l l e r i t e  
by  ~ : ~ - - , m p ~ x i i t i o n  ( :Noble,  19€,5) . T h e  u n i t  is a h i g h l y  e v o l v e d  
peral  kal i n e  e n d  member w i t h  g rea te r  t h a n  4% i r o n  c o n t e n t .  
The  f i n a l  e v e n t  a t  B l a c k  M o u n t a i n  w a s  c e n t r a l  v o l c a n o  f i l l  
b y  m a f i c  t r a c h y t e  l a v a s  w i t h  p e r a l k l i n e  a f f i n i t i e s .  T h e  
L a b y r i n t h  Canylsn ash f l o w  d e p o s i t  wh ich  I x c u r s  i n  a n  
i s o l a t e d  i n t r a c a l d e r a  p a t c h  on  t h e  w e s t  f l a n k  of t h e  
v o l c a n o  w a s  l a t e r  r e c o n g n i z e d  b y  g e l x h e m i c a l  d e d u c t i u n  
CNoble,  e t . a l . ,  1'384) as d i s t a l  S p e a r h e a d  Member o f  t h e  
S tcanewal l  Mlxtntai  n T u f f  . 

KANE SFR I N I X  WASH 

The  t&me S p r i n g s  Wash v a l c a n i c  c e n t e r  w a s  f i r s t  
d e s c r i b e d  b y  C:ouI< (1'366:) a n d  N o b l e  (:19658:). D e t a i l e d  mapp ing  
a n d  g e o c h e m i c a l  s t u d i e s  w e r e  c c m d u c t e d  b y  Novak (1'384 a n d  
1'3855. F i g u r e  4 f r o m  Nc1vaC:: C1'384) s h o w s  area g e o l o g y .  

The  c e n t e r  c o n s i s t s  o f  a w e l l  d e f i n e d  c e n t r a l  c a l d e r a  
I:cIllapse s t r u c t u r e  w i t h  a c u m p l e x  s e q u e n c e  of d i v e r s e  
i n t r a c a l d e r a  l avac j ,  t u f f s ,  a n d  f l c ~ w  dctme d e p o s i t s  t h a t  
s t r a d d l e  t h e  c o l l a p s e  e v e n t  i n  t i m e .  The  o u t f l o w  f o r m a t i m n  
c c m s i s t s  o f  at least  E3 d i s t i n c t  a s h  f l o w  s h e e t s ,  r a n g i n g  i n  
c o m p o s i t i o n  f rum s u b a l k a l i n e  to p e r a l k a l i n e  r h y o l i t e  w i t h  a 
p a n t e l  l e u  i t i s :  t r e n d .  

T t i e  c a l d e r a  r i m  f a u l t  is q u i t e  prllsnc*l-mced on t h e  w e s t  
a n d  smttti edge o f  t h e  c a l d e r a  a n d  m a r k s  a s t r i k i n g  cwttrast 



Figure 6. Geologic map o l the  Black Mountain caldera area, southern Nevada (compiled from Cbrirtiansen and Noble. 1968; Noble and Chrtstlanun, 
1968; O'Connar and others. 1966, and unpublished mapping by R .  L. Chrirtiansen and D. C. Noble). 

F i g u r e  3. 
(Frixn Christiansen, 1979, compi led  f r o m  w o r k  by 
Nob le ,  Chr is t iansen,  and O'Ci3nni:ir. 5 

Geologic  m a p  o f  the  B l a c k  Mountain ca ldera 
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F i g u r e  4. Geologic m a p  of t h e  Kane Spr ings  Wash area 
(1 F r o m  NovaC:: , 1984 j 
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b e t w e e n  i n t r a c a l d e r a  l i t h o l 1 2 g i e s  a n d  u u t f l o w  d e p o s i t s .  
I n t r a c a l d e r a  d e p o s i t s  c u n s i s t  of d a r k  t r a c t i y a n d e s i t e  f l o w s  
p r i m a r i l y  o v e r l a i n  b y  w h i t e  p u m i c e - r i c h  a i r  f a l l  t u f f .  L a t e  
b a s a l t  c a p s  t h e  i n t r a c a l d e r a  m e s a s .  I n t r u s i v e  ttir1:ugti t h i s  
s e q u e n c e  are  f l o w  dome c o m p l e x e s  s f  t o p a z  b e a r i n g  r h y n l i t e .  
I n  t h e  NE p o r t i c l n  of t h e  c a l d e r a  is a s e q u e n c e  of  c o m p l e x l y  
e m p l a c e d  s i l i c a  p o o r  t u f f s  a n d  s y e n i t e  dumes  i n t r o d u c e d  
l a t e  i n  t h e  d e p n s i  t i c r n a l  h i s t o r y ,  b u t  wh ich  d u  n o t  a p p e a r  
to h a v e  c a u s e d  r e s u r g e n t  doming.  The crut f l o w  s h e e t s  a r e  a s h  
f1I:tws w i t h  t y p i c a l  w e l d i n g ,  v a p o r  p h a s e ,  a n d  v i t r i c  zcma l  
r e l a t i o n s h i p s .  S o m e  a i r  f a l l  t u f f  h a s  b e e n  r e c o g n i z e d  
i n t e r s t r a t i  f i e d  b e t w e e n  a s h  f l o w  f o r m a t i o n .  

I 

DESERT V A R N I S H  

E a r l y  a t t e m p t s  to  d e s c r i b e  m i n e r a l  c o a t i n g s  i n  d e s e r t  
e n v i r o n m e n t s  ( ‘ . c h i e f l y  dese r t  v a r n i s h )  i n  a c o m p r e h e n s i v e  
far-;tiim were p u b l i s h e d  b y  W h i t e  (‘.1*324:,, L a u d e r m i l k  (‘.19315, 
a n d  E n g e l  a n d  S h a r p  <1958). A more q u a n t i t a t i v e  a p p r o a c h  t u  
ttie s t u d y  of c l s a t i n g s  b e g a n  i n  ttie mid-1970’s  a n d  n ~ i m e r 1 x i 5  
w o r k e r s  h a v e  p u b l i s h e d  t h e i r  r e s u l t s  s i n c e .  Durn  a n d  
O b e r l a n d e r  C1981S i n  a f a i r l y  l e n g t h y  t reat ise  cm t h e  t o p i c  
d u  a n  e x c e l l e n t  j o b  v f  s u m m a r i z i n g  wlsrl:: on I-cJat ings LIP to 
t h a t  t i m e .  

Desert v a r n i s h  is u s u a l l y  d e f i n e d  as  t h e  a r i d  s e c o n d a r y  
p h a s e  a t  t h e  w e a t h e r e d  s u r f a c e  o f  r o c k s  i n  a r i d  to 
s e m i  -ar i d e n v i  r unment  s. T o  must  f i el d gels1 og i  st s i n t h e  
U.S. d e s e r t  v a r n i s h  is t h a t  c o n s p i c u i s u s  dark:: r u s t y  brown to 
s h i n y  b l a c k  s t a i n  t h a t  clsmrncmly coats p r o m i n e n t  b l u f f s  i n  
17ur s e m i - a r i d  Sc lu t t iwes t .  I r o n  a n d  m a n g a n e s e  o x i d e s  are t h e  
d i s t i n c t i v e  c u m p o n e n t s .  For p u r p u s e s  o f  remote s e n s i n g ,  w e  
a r e  c o n c e r n e d  w i t h  the e n t i r e  s u r  face u f  a roc\:: expmxire ,  
w h  i 1- t i  may i nc 1 ude but  t i  t r u e  dr.s;er t v a r n i s h ,  s u b v a r  n i  r;h 
a l t e r a t i o n  z o n e s ,  a n d  r e l a t i v e l y  f r e s h  t-ctcI.::. Any g i v e n  
s c e n e  t y p i c a l l y  c o n t a i n s  a cclmbinatillsn o f  rirsck s u r f a c e  
t y p e s .  F r e v i u u s  workers h a v e  d i v e r g e d  on  s o u r c e  u f  v a r n i s h  
c o n s t i t u e n t s .  E n g l e  a n d  S h a r p  C1958) c c m c l u d e d  t h a t  t h e  
c o m p o n e n t s  of d e s e r t  v a r n i s h  are  d e r i v e d  f r o m  t h e  
u n d e r  1 y i  ng  h o s t  roc k , w h e r e a s  D o r  n a n d  Ober  1 a n d e r  C 1‘381 1 
s t a t e  f l a t l y  t h a t  t h e  c o n s t i t u e n t s  are  d e r i v e d  f r o m  
e x t e r n a l  s l s u r c e s .  T h e  p r o p o n e n t s  n f  a n  e x t e r n a l  s ~ u r c e  
p l s i n t  t o  wind b lown  d u s t  as t h e  f e e d s t i x k .  

W e  h a v e  i n v e s t i g a t e d  c l r sa t ings  f r o m  o v e r  100 s a m p l e s  fuctm 
t h e  3 p r o j e c t  s i tes .  M e t h o d s  o f  i n v e s t i g a t i o n  h a v e  i n c l u d e d  
c l p t i c a l  t h i n  s e c t i o n  o b s e r v a t i o n ,  X-ray puwder  d i f f r a c t  i n n ,  
I R  s p e c t r o p h o t c l m e t r y ,  ICF a n a l y s e s ,  v i s i b l e  a n d  near - I l?  
s p e c t r o p t i u t o m e t r y ,  g r a y  l e v e l  d e n s i t y  s l i c i n g ,  a n d  SCM 
sic an 5 w i t ti  ED X A 1: a p a b  i 1 i t y . lha t i n g s ar e 11 liar a c  t er i s t i c a1 1 y 
t h i n  a n d  d i s c o n t i u o u s .  They  a r e  a r e d d i s h  brown t o  d a r k  
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brown amIwptiIws m a s s  t h a t  t e n d s  t u  c o a t  m i n e r a l  g r a i n s  a t  
ttie s u r f a c e  a n d  p e n e t r a t e  as a t h i n  f i l m  i n t e r g r a n u l a r l y  up 
tct l - 1 . S m m  i n t o  t h e  ruck.  SEM s c a n s  r e v e a l  t h a t  t h e  
t h i c k e s t  sur face d e p c ~ s i  ts r a r e l y  e x c e e d  20-30 micrometers 
a n d  t h a t  e v e n  a w e l l  c o a t e d  s u r f a c e  is d n m i n a t e d  b y  much 
t 1.3 i n n er The  t ti i c I:: , 2C)-30 m i  c r c a m e  t er ac c umu 1 a t  i un s 
ar e sp or a d  i c a n d  d i 51: on  t i n u o u s  , 1: on  1: e n  t r a t  e d  1 ar g e 1 y i n 
m i n u t e  p r o t e c t e d  recesses. 

f i 1 m s  , 

Ma.jor e l e m e n t ,  i:iIjmposi t i o n s  (SEM a n a l y s e s : )  o f  c o a t i n g s  
f r o m  r 1111: I:: s u r  f a c e s  1-1 f iil 1 r uc: k t y p e s  f r cm e a c h  area, 
i n c l u d i n g  q u a r t z i t e  f r o m  S t o n e w a l l  M o u n t a i n ,  are q u i t e  
s i m i l a r  -. abuut 45-€O% F e  a n d  Mn a n d  4(:)-50% Si  a n d  A 1  - a n  
c lL35erva t im  i m p u r t a n t  t o  r e m u t e  s e n s i n g  e f f o r t s .  E i t h e r  Mn 
o r  F e  alune c a n  exceed 30%. E x c e p t  f u r  Fe/Mn ratios; o n  
b a s a l t i c  r o c k s  t e n d i n g  to b e  h i g h e r  t h a n  on o t h e r  u n i t s ,  
t h e r e  d c e s  n o t  a p p e a r  to be a n y  d i s t i n c t i v e  c c ~ r r e l a t i o n  
b e t w e e n  c o a t i n g  I:I:Impcrsitiims a n d  host r o c k  l i t h o l o g y .  N o  
s i g n i  f i c a n t  amcun t  u f  c l a y  m i n e r a l s  or o t h e r  c r y s t a l i n e  
~::ompc~unds h a v e  y e t  b e e n  d e t e c t e d ,  e i t h e r  f r o m  t h i n  se~:ticm 
o b s e r v a t i o n ,  X-ray powder  d i  f f r a c t i o n ,  or I R  spec t ra l  
s c a n s .  c:Detai 1 on cclmpc6i t i o n s ,  d i s t r i b u t i o n s ,  a n d  
r e l a t i c m s h i p  o f  c o a t i n g s  to u n d e r l y i n g  rock is t h e  s u b j e c t  
i l f  a p a p e r  i n  p r e p a r a t i o n  b y  t h e  a u t h u r s  a n d  J i m  S j o b e r g  o f  
ttie U. S. B u r e a u  o f  Mnes . 

C o a t  i. ngr; d e v e l  o p  t 1 - 1  a n  a d v a n c e d  st a g e  o f  m a t  ur i t y o n 1  y 
w h e r e  t h e  sur f a c e  i s  r e s i s t a n t  a n d  d u r a b l e .  Surfaces d o  n o t  
ex t i  i b i t s i g n i f i c a n t  12 oat i n g c 1 x - i  t i n u  i t y . 
sur faces becume b r e a c h e d  b y  w e a t h e r i n g  or w h e r e  d e p o s i t s  
h a v e  n o t  m a t u r e d  to an a d v a n c e d  s ta te ,  r e l a t i v e l y  f r e s h  
r ~ 1 1 :  1:: i 5 e x p o s e d .  Over a n y  g i v e n  sur face a b u u t  4x4 meters or 
so square, s i g n i f i c a n t  v a r n i s h  r a r e l y  a c c o u n t s  for o v e r  50% 
of t h e  e x p o s u r e .  F.:emi:ival o f  c o a t e d  sur.faces is e x p e d i t e d  b y  
develupment C J ~  w e a t h e r i . n g  rinds, .L\-l L . . C )  c m  t h i c k ,  w h i c h  
spa11 o f f  c u t c r o p  surfaces. It is  this pr'o~zess that leads 
to  c a s e  h a r d e n i n g  a n d  e x f o l i a t i o n .  

W h e r  e c oat e d  

.:. c __ .:. 

F ' e n e t r a t i t m  o f  e l e c t r o m a g n e t i c  e n e r g y  w i t h i n  t h e  TM 
r a n g e  w a r ;  s t u d i e d  b y  Ecuckingham a n d  S s m m e r  ( 1'3831 who fsstmd 
t h a t  maximum p e n e t r a t i o n  f a x  p u l v e r i z e d  s a m p l e s  o f  c l a y  
m i n e r a l s  w a s  a b o u t  50 m i c r o m e t e r s .  A m i x t u r e  ctf g o e t h i t e  
a n d  k a c s l i n i t e  .- 75/25 - s t o p p e d  penet ra t i l : in  u f  0.8 - 1 . 0  
m i c r o m e t e r  w a v e l e n g t h s  a t  arlrsund 25-30 micrometers. 
Amlxphl:us, t r a n s l u c e n t  cumpIxmds 1 ike t h o s e  t h a t  m a k e  up  
t h e  c m a t i n g s  u f  t h i s  s t u d y  would  t r a n s m i t  l i g h t  f u r t h e r  
t h a n  c r y s t a l i n e  m i x t u r e s  o f  iri:m n x i d e  a n d  c l a y s .  I n  u t h e r  
w o r d s ,  l i g h t  wl:dd p e n e t r a t e  i n  p a r t  ( i n c r e a s i n g l y  w i t h  
i n c r e as i n g wave 1 e n  g t ti s :) c omp 1 et e 1 y t t i  r oug  t i  e v e n  t ti e 
t t i  i c. I:: es t c rJnc e n  t r a t  i on  s IIS f 1:: oat j. n g s y e t  d i sc o v e r  e d  i n t t i  i s 
s t u d y  r e f l e c t i n g  to a t  least sclme d e g r e e  t h e  p r i m a r y  
c h a r a c t e r  o f  u n d e r l y i n g  r o c k  t o  t h e  extent t h a t  i t  is 
una1  t er  e d  :, 
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I m a g e r y  p r o c e s s i n g  m e t h o d s  were d e s c r i b e d  abmve. L a n d s a t  
5 T h e m a t i c  Mapper d a t a ,  b a n d s  1, 2, 3, 4, 5, a n d  7, were 
i n v e s t i g a t e d  for t h i s  s t u d y .  A m u l t i v a r i a t e  s t a t i s t i c a l  
e v a l . u a t  i o n  o f -  p i x e l  v a l u e s  for e a c h  s c e n e  w a s  c o n d u c t e d  
w i t h  IDIMS f u n c t i o n  ISOCLS. A mean a n d  s t a n d a r d  d e v i a t i o n  
f o r  e a c h  hand  a n d  c o v a r i a n c e  matrix b e t w e e n  b a n d s  were 
computed .  C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  b a n d s  were 
d e r i v e d  by d i v i d i n g  c o v a r i a n c e  by  t h e  p r o d u c t  o f  s t a n d a r d  
d e v i a t i u n s  o f  r e s p e c t i v e  b a n d s .  T t i e  p r i n c i p l e  c u m p i m e n t s  
t r a n s  f u r  m a t  i o n  u t i  1 i z e s  v a r i a n c e  a n d  c o v a r i a n c e  s t a t i s t i c s ,  
r e s u l t i n g  i n  e g i n v e c t o r s .  E g i n v a l u e s  a re  a m e a s u r e  o f  t h e  
amclunt o f  v a r i a n c e  c c t n t a i n e d  i n  e a c h  PC. I n  g e n e r a l  PIX 
c c l n t a i n s  r s c k / s ; o i  1 d o m i n a t e d  v a r i a n c e ,  and  P I X  v a r i a n c e  is 
d o m i n a t e d  L a r g e l y  by v e g e t a t i o n .  

I n  t h i s  s e c t i n n  i m a g e r y  c h a r a c t e r i s t i c s  o f  e a c h  major 
v o l c a n i c  u n i t  at e a c h  o f  t h e  3 s t u d y  s i tes  is d i s c u s s e d  
w i t h  a v i e w  t o w a r d  e s t a b l i s h i n g  e f f e c t i v e  imagey  
c o r r e l a t i o n  a n d  i m a g e  c o m b i n a t i o n s  f u r  f o r m a t i o n  
d i s c r i m i n a t i o n  a n d  mapping .  I n  a l l  c o l u r  c o m p u s i t e s ,  t h e  
e n c o d e d  ccsllcsr s e q u e n c e  is r e d - g r e e n - b l u e  (:RGEo. S t u d i e s  so 
f a r  i n d i c a t e  v e g e t a t i o n  ( o n l y  25-30% o f  s u r f a c e  c :over>  is 
u n i m p o r t a n t  as  a s i g n i f i c a n t  s p e c t r a l  c o n t r o l  i n  t h e  i m a g e s  
at  S t o n e w a l l .  

STONEWALL M O U N T A I N  AREA 

SPEARHEAD TUFF. T h e  S p e a r h e a d  T u f f  e x h i b i t s  l i t t l e  
s p e c t r a l  v a r i a t i m n  t h r o u g h o u t  t h e  v i s i b l e  a n d  n e a r - I R .  I t  
is r e l a t i v e l y  d a r k  i n  a l l  TM b a n d s  i n  c o n t r a s t  to 
sur  r uun d i n g a 1 1 u vi urn and A n  t e 1 clp e Sp r i n g s r tiyQ 1 i t s . 
R e f l e c t i v i t y  d e c r e a s e s  s l i g h t l y  a n d  ttie u n i t  d a r k e n s  s u b t l y  
i n  band  5 r e l a t i v e  to a d j a c e n t  c o v e r  i n  t h e  s c e n e .  Dar1::er 
t r e n d s  t e n d  t o  i n c r  ease t tie t o n a l  c o n t  r as t  somewhat  i n 5/7 
i m a g e s .  I n t e n s i t y  i n c r e a s e s  s l i g h t l y  i n  5/2 i m a g e s .  T h e s e  
band  r e l a t i o n s h i p s ,  o f  c o u r s e ,  c i > n t r o l  c o l o r  
c h a r a c t e r i r J t i c s  i n  fa lse  color ccnmposi te  i m a g e s .  So i n  
3 /1 -5 /74  i m a g e s ,  e n c o d e d  F:Gb, t h e  u n i t  is m a g e n t a  
i n d i c a t i n g  h i g h e r  r e f l e c t a n c e  i n  t h e  311 a n d  4 i m a g e s  w i t h  
l o w  r e f l e c t a n c e  i n  5/7, a n d  ttie u n i t  is b l u e i s h  g r a y  i n  ttie 

i n d i v i d u a l  p r i n c i p l e  cmmpctnent i m a g e s ,  t h e  u n i t  is 
b r i g h t e s t  i n  PC3 w i t h  h i g h  b r i g h t n e s s  a lso i n  PC2 a n d  PIX.  
T h u s  i n  ttie 3/1-5/7-FC2 c o m p o s i t e  t h e  u n i t  is a f a i r l y  
d i s t i n c t i v e  dark:: p u r p l e .  I S H  c o m p u t a t i o n  on  b a n d s  3-5-7 
result i n  i n d i s t i n c t  l o w  c o n t r a s t  t o n e s  over  ttie u n i t  i n  
t h e  s a t u r a t i o n  a n d  h u e  modes ,  dark::er t h o u g h  i n  the 
i n t e n s i t y  image .  T h i s  r e s u l t s  i n  a d i s t i n c t i v e  d u l l  a rmy 

3-r- 3 7 i m a g e  d u e  t u  h i g h e r  r e f l e c t a n c e  i n  b a n d s  3 a n d  7. I n  
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~ j g r e e n  h u e  i n  t h e  ISH c o m p o s i t e .  I n d e e d ,  b a s a l t  e x p o s u r e s ,  
s h a d o w s ,  a n d  ttie ash f l o w  u n i t s  w i t h  t h e i r  dark: d e s e r t  
v a r n i s h  c o a t i n g s  t e n d  t o  r e g i s t e r  h i g h  DN v a l u e s  i n  the 
s a t u r a t i c l n  mode. F : e l a t i o n s t i i p s  a re  similar on  I S H  i m a g e s  of 
b a n d s  1-2-4, t h u s  a h u e  c o m p o s i t e  s f  b a n d s  1-2-4 w i t h  
s c a l e d  b a n d s  3 a n d  7 r e s u l t s  i n  d i s t i n c t i v e  b l u e i s h  h u e s  
o v e r  t h e  u n i t ;  g r e e n  i f  i n t e n s i t y  is u s e d  i n s t e a d  of h u e  i n  
t tie s a m e  c: on f i g u r  a t i on .  

CIVET CAT C A N Y O N  TUFF. R e f l e c t a n c e  o v e r  C i v e t  Cat is l o w  
i n  a l l  b a n d s  over ttie m a i n  C i v e t  Cat Canyon f l o w ;  however ,  
t h e  t h e  s p e c t r a l l y  d i s t i n c t i v e  C i v e t  Cat Canyon c a p  r u c k ,  
r e f l e c t a n c e  i s i r e l a t i v e l y  l o w  i n  b a n d s  1, 2, a n d  3 a n d  h i g h  
i n  b a n d s  4, 5, a n d  7, i n c r e a s i n g l y  so i n  t h e  l a te r  3 
r e l a t i v e  t o  o t h e r  c o v e r  i n  t h e  s c e n e .  T h e s e  s p e c t r a l  
r e l a t i o n s h i p s  cause ttie c a p  r o c k  zisne to b e  s u b d u e d  i n  3/2 
a n d  5/7 r a t i o  i m a g e s ,  b u t  s t r i k ; i n g l y  b r i g h t  i n  t h e  5/2 
image .  High  s c e n e  r e f l e c t a n c e  i n  band  7 c r e a t e s  h i g h  
c o n t r a s t  t u r q u o i s e  b l u e  o v e r  the u n i t  i n  3-5-7 i m a g e s .  T t i e  
u n i t  r e g i s t e r s  a d u l l ,  i n d i s t i n c t  p a l e  g r a y i s h  g r e e n  i n  t h e  
311-517-4 image .  T h e r e  is a l o w  i n t e n s i t y  b u t  h i g h  
s a t u r a t i o n  a n d  h u e  r e s p o n s e  fo r  t h e  c a p  r o c k  i n  I S H  
c o m p u t a t i o n s  w i t h  b a n d s  3-5-7, r e s u l t i n g  i n  a d i s t i n c t i v e  
m o s s  g r e e n  clmtrast i n  t h e  compc l s i t e  I S H  image .  On I S H  
i m a g e s  w i t h  b a n d s  1 - 2 4  t h e  u n i t  S ~ I I B W S  l o w  v a l u e s  i n  
i n t e n s i t y  a n d  hue, h i g h  v a l u e s  i n  s a t u r a t i o n ,  b u t  1 C J W  

c o n t r a s t  i n  a l l  three modes.  C i v e t  Cat is s t r i k i n g l y  b r i g t i t  
i n  P I X  i m a g e s ,  g r o w i n g  somewhat  less  SIB i n  F C ' s  3 a n d  4. 
T h i s  r e s u l t s  i n  i m p r e s s i v e  d i s c r i m i n a t i u n  c a p a c i t y  o v e r  ttie 
u n i t  i n  t h e  F' IX-F 'C~-PI :~  a n d  F ' I X - . P I ~ + - P C ~  i m a g e s .  The  u n i t  is 
a l s o  r a t h e r  a n o m a l c i ~ t s  on  some o f  t h e  m o r e  e z o t i c  
c o m p o s i t e s ,  i n c l u d i n g  e s p e c i a l l y  t h e  1-+-Hue image ,  Hue 
computed  on  b a n d s  3-5-7; t h e  3/1-5/7-F'C2 i m a g e ,  a n d  a 
3-7-Hue ( b a n d s  1 - 2 4 >  c o m p o s i t e .  A 3/1-PC2-Hue ( b a n d s  
3-5-7) is especially effective in highlighting t h e  
S t o n e w a l l  F l a t  T u f f  i n  g e n e r a l .  

ANTELOFE S P R I N G S  RHYOLITE. A n t e l o p e  S p r i n g s  c o n s i s t s  o f  
a 1 ewer r e d d i  sti, f e r r u g i n o u s  r h y o l  i t e a n d  a m o r  e a1 kal i n e  
h i g h l y  r e f l e c t a n t  u p p e r  d e p o s i t .  Some o f  t h e  f o r m a t i o n  
a p p e a r s  i n t r u s i v e ,  a n d  t i y d r u t h e r m a l  a l t e r a t i o n  c o n s i s t i n g  
o f  h y d r l ~ u s  s e c o n d a r y  m i n e r a l s  o c c u r e s  i n  p l a c e s .  Tt ie  l o w e r  
u n i t  is r e l a t i v e l y  d a r k  i n  a l l  b a n d s ,  b u t  d i s t i n c t i v e  i n  
many o f  t h e  false color c o m p o s i t e s .  Ttie u p p e r  u n i t  e x h i b i t s  
h i g h  r e f l e c t i v i t y  i n  a l l  b a n d s  w i t h  d e m i n i s h i n g  i n t e n s i t y  
i n  l o n g e r  w a v e l e n g t h  b a n d s  5 a n d  7. Band r a t io s  for t h e  
h i g h  a l b e d o  u p p e r  member t e n d  to dampen i n t e n s i t i e s  
r e l a t i v e  to o t h e r  c o v e r  a n d  e n h a n c e  d i  f f e r e n c e s  i n  i r l s n  
o x i d e  c o a t i n g s  a n d  c l a y  a l t e r e d  s u r f a c e s  i n  c e r t a i n  
l o c a t i o n s .  F u r  e x a m p l e ,  s e v e r a l  e x p l x s u r e s  are  q u i t e  b r i g h t  
i n  517 r a t i s  i m a g e s .  The  u n i t  c o n t r a s t s  m a r k e d l y  w i t h  o t h e r  
f i : i r m a t i i m s  i n  m c l s t  c c t lo r  1:i:impi:isite i m a g e s .  On 3-5-7 a n d  
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3/1-5/7-4 i m a g e s  t h e  u p p e r  u n i t  is c r e a m  1:olured w i t h  i r o n  
o x i d e  s t a i n e d  areas l i g h t  r e d d i s h  to r e d  brown o v e r  t h e  
lclwer member. On t h e  I S H  c u m p u t a t i o n s ,  b a n d s  3-5-7, t h e  
u p p e r  u n i t  i s  b r i g h t  i n  s a t u r a t i c ~ n  a n d  i n t e n s i t y ,  l i g h t  to 
medium g r a y  i n  h u e .  I n  1 - 2 4  I S H  r e n d i t i o n s  t h e  d e p o s i t  is 
q u i t e  d a r k  i n  h u e  a n d  s a t u r a t i o n ,  l i g h t  i n  t h e  i n t e n s i t y  
mode. T h e s e  f e l s i c  rrJcC::s r e s p s n d  w i t h  b r i g h t  i n t e n s i t y  i n  
FC1 for t h e  u p p e r  member,  d a r  I:: f u r  t h e  lower. T h e  u p p e r  
u n i t  is d a r k  a n d  i n d i s t i n c t  i n  PIX, a n d  w i t h  o n l y  s l i g h t  
v a r i a t i c l n  i n  h i g h e r  PC:'s. T h u s  PC1 o v e r p o w e r s  o t h e r  b a n d s  
i n  c u m p o s i t e s  i n  w h i c h  i t  is i n c l u d e d  a n d  FC c c l m p o s i t e s  
w i t h o u t  F'C1 t e n d  to obs1:ure t h e  u p p e r  member. I n  t h e  
3/1-5/7-FC2 i m a g e  t h e  l i g h t  c o l o r e d  u p p e r  u n i t  is b r i g h t y  
y e 1  l o w  to r e d d i s h  a n d  q u i t e  c o n s p i c u o u s .  P e r h a p s  t h e  
greatest  o v e r a l l  c~mtrast  over t h e  u n i t  is e x h i b i t e d  by t h e  
3-7-Hue ( :bands  1-2-41 i m a g e  i n  wh ich  i t  is h i g h l i g h t e d  i n  
b r i g h t  y e l l o w  a n d  t h e  3-5-7 I S H  c o m p ~ x i i t e  i n  w h i c h  i t  is 
b r  i g t i  t r e d  . 

BASALT. B a s a l t  is dark:: i n  a l l  b a n d s ,  d e c r e a s i n g  s l i g h t l y  
i n  b r i g h t n e s s  i n  l o n g e r  w a v e l e n g t h  b a n d s  5 a n d  7 r e l a t ive  
t l 3  a d j a c e n t  c o v e r  p o s s i b l y  d u e  t o  t h e  g r e a t e r  d e p t h  o f  
p e n e t r a t i o n  of t h e  l o w e r  e n e r g y  r a d i a t i o n  a n d  g r e a t e r  
c o n t r i b u t i o n  o f  l i t h o l o g y ,  r e l a t i v e  to d e s e r t  v a r n i s h ,  t o  
t h e  s p e c t r a .  I t  is t h u s  medium g r a y  a n d  o b s c u r e  i n  t h e  5/7 
i m a g e  a n d  n o t  a p p r e c i a b l y  c h a n g e d  b y  3/2 a n d  5/2 r a t io s .  O n  
t h e  311-5/7-4 c o m p u s i t e  b a s a l t  is swamp g r e e n  a n d  w e l l  
h i g h l i g h t e d .  I t  is d a r k  brown on  t h e  3-5-7 c o m p o s i t e .  I n  
i n d i v i d i i a l  band  modes  o f  t h e  3-5-7 ISH t r a n s f o r m a t i o n ,  t h e  
u n i t  is d a r k .  I n  1-2-4 I S H ,  s a t u r a t i o n  a n d  h u e  images i t  is 
v e r y  b r i g h t .  T h u s  on  t h e  3-7-Hue ( b a n d s  1-2-41 c o m p o s i t e  
basalt is p u r p l e  a n d  o n  t h e  3-5-7 I S H  c o m p o s i t e ,  g r e e n i s h .  
I t  is v e r y  d a r k  i n  F'C1, o b s c u r e  a n d  i n d i s t i n g u i s h a b l e  i n  
PC2, s l i g h t l y  b r i g h t e r  i n  PC's 3 a n d  4. I t  is h i g h l i g h t e d ,  
t he re fo re ,  by blue i n  the PCl  PCZ PC4 c u m p u s i t e ,  b u t  c a n n o t  
b e  d i s c r i m i n a t e d  o n  the FC2 PIX F'C5 image .  On t h e  
3/1-5/7-FC2 i m a g e  t h e  u n i t  is d a r k  g r e e n .  

BLACt:: M O U N T A I N  CALDERA 

I m a g e r y  o v e r  t h e  BlacF:: M o u n t a i n  s t u d y  area d i  f f e r s  f r o m  
that 11f t h e  S t o n e w a l l  area p r i m a r i l y  as  a r e s u l t  cif more 
d i v e r s e  v e g e t a t i v e  cover. L i t h o l o g i e s  a re  m o r e  v a r i e d  as 
w e l l .  S t i l l  t h e  o u t f l o w  s h e e t s  t e n d  to b e  r e a d i l y  m a p p a b l e  
w i t h  L a n d s a t  TM i m a g e r y .  V e g e t a t i o n  h a s  b e e n  d e s c r i b e d  
abrJve a n d  t h e  4/3 r a t i o  i m a g e  h i g h l i g h t s  z o n e s  w i t h  
r e l a t i v e l y  h e a v y  g r o w t h .  T h i s  i m a g e  is m a t c h e d  v e r y  c l o s e l y  
b y  t h e  P I X  i m a g e  w h i c h  also p r e s e n t s  v e g e t a t i o n  i n  
r, t r i C:: i ng  1 y b r  i g t i  t 1: o n t  r ast . 

OLDER L A V A S  A N D  TUFFS. The  o l d e r  f e l s i c  l a v a s  a n d  t u f f s  
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a re  t h e  most r e f l e c t a n t  cclver i n  lower w a v e l e n g h t  b a n d s ,  
1-4. They are  i n t e r m e d i a t e  i n  r e f l e c t a n c e  a t  h i g h e r  
w a v e l e n g t h s .  I n  ttie r a t i o e d  i m a g e s  ttie u n i t  t e n d s  t c s  b e  
d u l l ,  i n t e r m e d i a t e  i n  i n t e n s i t y  a n d  i n d i s t i n c t .  S o m e  areas 
o v e r  t h e  u n i t ,  h o w e v e r ,  e x h i b i t  a b r i g h t e r  s i g n a t u r e  i n  t h e  
312 i m a g e  p r o b a b l y  d u e  t u  irlm o x i d e  s t a i n i n g  o b s e r v e d  
i n t t i e  f i e l d .  A l l u v i a l  material a n d  d r a i n a g e s  down s l o p e  of 
these areas a re  a lso b r i g h t .  The d e p o s i t  is a d i s t i n c t i v e  
r u s t y  cream c o l n r  on  t h e  3-5-7 c o m p o s i t e .  I t  is b r i g h t  o n  
b o t h  ttie FC:1 a n d  PC2 i m a g e s  a n d  therefore e x h i b i t s  a y e l l o w  
s i g n a t u r e  o n  c o m p o s i t e s  c o m b i n i n g  PC’s 1 and  2, or a 
r e d d i s h  c m l u r  i f  o n l y  o n e  o f  t h e m  is i n  c o m b i n a t i o n  w i t h  
o t h e r  v a r i a b l e s  a n d  e n c o d e d  r e d .  I n  t h e  5-7-Pl22 c o m p o s i t e  
t h e  u n i t  is a p a s t e l  p u r p l e  d u e  to h i g h  D N  v a l u e s  i n  5 a n d  
FC2 a n d  l o w  DN v a l u e s  i n  band  7. With  I S H  t r a n s f w m  o n  
b a n d s  3-5-7 t h e  u n i t  is q u i t e  b r i g h t  i n  t h e  i n t e n s i t y  mode 
r e l a t i v e  t o  o t h e r  c o v e r ;  b r i g t i t  i n  s a t u r a t i o n ;  b u t  o n l y  
medium i n  h u e .  T h u s  a d i s t i n c t i v e  y e l l o w  h u e  m a n a f e s t s  over 
t h e s e  r l x k s  i n  t h e  1-+Hue c o m p o s i t e .  (The  h u e  p a r a m e t e r  is 
s u b d u e d  f u r  t h i s  f c r rma t ion .  I 

CRYSTAL R I C H  LAVAS.  The  i n t e r - a s h  f l o w  l a v a  f l o w s  at 
B 1 , a c k  Mctuntain,  e x c l u s i v e  o f  T r a c h y t e  clf Hidden  C l i f f ,  f o r m  
a g e n e r a l l y  c I d i e r e n t  remote s e n s i n g  u n i t  a t  B l a c k  M o u n t a i n .  
The  l a v a s  a r e  dark i n  a l l  b a n d s ,  g r o w i n g  s l i g h t l y  d a r k e r  
w i t h  i n c r e a s i n g  w a v e l e n g t h .  L a v a s  crf R ibbon  C l i f f  s e e m  to  
b e  s l i g h t l y  darker t h a n  ttie o t h e r s  i n  b a n d s  5 a n d  7. The  
u n i t s  t e n d  to b e  l i g h t  to med ium- l igh t  g r a y  a n d  i n d i s t i n c t  
i n  t h e  r a t i o  i m a g e s .  I n  ttie color c m n p u s i t e  3/1-3/74 i m a g e  
t h e  l a v a s  are  y e l l u w i s h  g r e e n  a n d  b a s i c a l l y  
i n d i s t i n g u i s h a b l e  f r c m  T r a c h y t e  o f  Hidden C l i f f .  On t h e  

R ibbon  C1i f f  a re  m o r e  r e d d i s h  t h a n  ttie ,other lavas o n  t h i s  
i m a g e  p o s s i b l y  r e f l e c t i n g  a higher  p r o p c r r t i o n  of b r i g h t e r  
s u p e r f i c i a l  i r o n  o x i d e  s t a i n i n g .  T h i s  d i s t i n c t i o n  is 
mirrmred o n  the l-$-Hue ( b a n d s  3-5-71 image .  On t h e  3-5-7 
band  ISH i m a g e s ,  t h e  l avas  a re  dark:: i n  s a t u r a t i o n  a n d  h u e ;  
i n d i s t i n c t i v e  medium g r a y  i n  t h e  i n t e n s i t y  mode. I n  ttie 
p r i 1-1 8: i p 1 e 1: omp un e n  t s t r a n  s f or m a t  i on  1 avas ar e b r i g t i  t est 
r e l a t i v e  to o t h e r  c o v e r  i n  PC2 a n d  P I X ,  d a r k  i n  PCl. Su i n  
t h e  PI:: c u m p o s i t e s ,  F‘C2 c o n t r o l s  t h e i r  c o n t r a s t  a n d  i n  
~ ~ m p c t ~ i  t e  PI: 1 FIZZ i m a g e s  t h e y  a r e  g r e e n i s h ,  a n d  i n  PC2 
FIX PC4, r e d d i s h .  They  c o n t r a s t  i n  t h e  l a t e r  w i t h  T r a c h y t e  
o f  H idden  C l i f f  wh ich  is e m e r a l d  g r e e n  p r o b a b l y  d u e  t o  ttie 
v e g e t a t i v e  r e s p o n s e  o f  t h e  summit  area o f  Black: M o u n t a i n .  

3--“- 7 i m a g e ,  h o w e v e r ,  t h e y  are  a g r e e n i s h  brown. L a v a s  o f  

TEAIL RIDGE TUFF. The T r a i l  R i d g e  T u f f  is e s s e n t i a l l y  
i n d i st i n g u i  s t i  a b  1 e f r o m  L a v a s  u f P i  1 1 ar Sp r i n g s  , w i t ti wti i c ti 
i t  is c l o s e l y  r e l a t e d  b u t t i  i n  t i m e  a n d  s p a c e  a n d  i n  
c o m p u s i t i u n .  T h e  P i l l a r  S p r i n g s  Lava  f o l l o w e d  t h e  T r a i l  
F: idge T u f f  e rupt i l r sn  t c ~  h e l p  f o r m  t h e  classic v o l c a n i c  

I 

I 
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s e q u e n c e  for c a l d e r a  v u l c a n i s m  of t h i s  t y p e .  

GOl-D FLAT TUFF. The  Go ld  F l a t  T u f f  is an u n u s u a l  r t x k  
p e t r I x h e m i c a l l y  a n d  is d i s t i n c t i v e  s p e c t r a l l y  a s  w e l l .  T h i s  
p e r a l k a l i n e  d e p o s i t  is v e r y  h i g h l y  evol .ved  m a g m a t i c a l l y  a n d  
~ : c m t a i n s  a h i g h  p r o p o r t i I x - l  o f  l a r g e  i o n  l i t h c t p i l e  e l e m e n t s  
a n d  o t h e r  i n c o m p a t i b l e s ,  i n c l u d i n g  T a ,  F:b, Tti, a n d  r a r e  
e a r t h s .  R e f l e c t a n c e  i n c r e a s e s  as w a v e l e n g t h  i n c r e a s e s  tis 

b r i g h t e s t  i n  b a n d  7. Fur  t h i s  reasc5n t h e  u n i t  is d i s t i n c t l y  
d a r k  i n  t h e  5/7 i m a g e ’ a n d  r e d d i s h  t o  m a g e n t a  i n  3/1-5/7-4 
fa l se  ccl1Isr c u m p l s s i t e s .  The  u n u s u a l l y  h i g h  r e f l e c t a n c e  i n  
b a n d  7 r e l a t i v e  to o t h e r  s c e n e  c o v e r  g i v e s  r i s e  to a 
s t r i k i n g l y  b r i g h t  t u r q u o i s e  b l u e  h u e  i n  t h e  3-5-7 
c o m p o s i t e .  G o l d  F l a t  T u f f  is b r i g h t  i n  PC1, v e r y  d a r k  a n d  
an tsmalous  i n  PC2, a n d  d a r k  as w e l l  i n  PIX  e x c e p t  o v e r  i t s  
n o r t h e r n  e x p u s u r e s  w h e r e  i t  is masked by  t h e  b r i g h t  
r e s p o n s e  o f  v e g e t a t i o n .  I t  is mediu im g r a y ,  i n d i s t i n c t  i n  
PC’s 4,s  a n d  6. T h i s  r e l a t i o n s h i p  among e g i n v a l u e s  r e s u l t s  
i n r e d d i  s h  h u e s  o v e r  t h e  for m a t  i un i n cumpus i  t es i n v o l  v i  n g  
PI21 a n d  b l u i s h  t o  p u r p l i s h  h u e s  i n  t h e  Pc2 P I X  F‘C4 
c o m p o s i t e .  T h e  u n i t  is i n t e n s e l y  b r i g h t  i n  s a t u r a t i o n  and 
h u e  i m a g e s  w i t h  I S H  t r a n s f o r m a t i o n  on b a n d s  3-5-7; medium 
i n  i n t e n s i t y  i n  t h e  i n t e n s i t y  mode. On t h e  I S H  false color  
c i s m p u s i t e  G13ld F l a t  T u f f  is a v e r y  d i s t i n c t i v e  p a l e  
m a g e n t a .  On t h e  5-7-FI22 c l s m p o s i t e ,  t h e  f o r m a t i o n  is 
b r i l l i a n t  m u s t a r d  y e l l o w ,  b u t  s i m i l a r  to L a b y r i n t h  Canyon 
T u f f .  I t  is l i g h t  p u r p l e  i n  t h e  l-+Hue Cbands 3-3-71; b l u e  
w h e r e  v e g e t a t i o n  i n c l u d e s  g o l d e n  g r a s s e s  a n d  s c a t t e r e d  l o w  
j u n i p e r .  

TF;:ACHYTE O F  HIDDEN CLIFF. Mafic. t r a c h y t e  f o r m s  tfie 
c e n t r a l  v c l l c a n i c  e d i f i c e  a n d  is v e r y  d a r k  i n  a l l  b a n d s  
e x c e p t  4 a n d  5 i n  wh ich  i t  is a n  i n d i s t i n c t  c o n t r a s t  i n  
medium g r a y .  S p e c t r a l  r e s p o n s e  a p p e a r s  , to b e  i n f l u e n c e d  b y  
v e g e t a t i o n ,  w h i c h  i n  this case w 1 x i l d  be gulden cheat 
g r a s s e s  a n d  l i c h e n .  T h e  u n i t  is v e r y  b r i g t i t  r e l a t i v e . t o  
other cr-lver i n  5/7 a n d  4/3 i m a g e s ,  fcsrming a s l i g h t l y  
s t r i p p e d  p a t t e r n  t h a t  a p p a r e n t l y  f o l l o w s  d r a i n a g e s  a n d  i s  
p r u b a b l y  c a u s e d  b y  h i g h  v e g e t a t i v e  r e f l e c t a n c e 5  i n  b a n d  4. 
I n  i n d i v i d u a l  F C ’ s  t h e  d e p o s i t  is q u i t e  d a r k  i n  t h e  f i r s t  
PC; v e r y  l i g h t  d u e  t u  v e g e t a t i v e  i n t e r f e r e n c e  i n  ttie t h i r d .  
M a f i c  t r a c h y t e  is p i n k i s h  p u r p l e  s n  t h e  PC1 PC2 PC3 
cclmplssi te  y e l l s w i s t i  g r e e n  i n  t h e  PC2 PC:3 F‘C4 r e n d i t i o n .  I t  
is i n d i s t i n c t  ‘ f r o m  u t t i e r  l a v a s  i n  ttie P C 2  PC4 PIX i m a g e .  I n  
t h e  ISW t r a n s f o r m  o f  b a n d s  3-5-7, ttie u n i t  is v e r y  d a r k  i n  
i n t e n s i t y  a n d  h u e ;  medium g r a y  a n d  i n d i s t i n c t  i n  
S a t u r a t i o n .  On t h e  I S H  c u m p o s i t e  i t  is p u r p l i s h .  I n  t h e  
1-+Hue ( b a n d s  3-5-7:) i m a g e ,  m a f i c  t r a c t i y t e  is d a r k  forest  
g r e e n  a n d  a d u l l  a rmy g r e e n  o n  t h e  3-5-hue ( b a n d s  1-2-4:) 
image .  

LABYRINTH C A N Y O N  TUFF. The  L a b y r i n t h  C:anyun a s h  f l o w  

I 

i 
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t u f f ,  r e a l l y  a d i s t a l  facies of  S p e a r h e a d  T u f f  ( N u b l e ,  
e t . a l ,  1'3841, is s p e c t r a l l y  s imilar  ti2 b u t  d i s t i n c t  frcm 
Gold  F l a t  T u f f .  I t  t e n d s  t o  b e  m u d e r a t e l y  to o n l y  s l i g h t l y  
b r i g h t  i n  b a n d s  1-3, q u i t e  b r i g h t  i n  b a n d s  4 a n d  5; 
somewhat  less so i n  band  7. I t  is s l i g h t l y  less r e f l e c t a n t  
i n  b a n d  7 t h a n  G o l d  F l a t  T u f f  w h i c h  a i d s  i ts  d e s c r i m i n a t i o n  
i n  fa l se  c o l u r  c u m p o s i t e  i m a g e s  wh ich  take t h i s  d i s p a r i t y  
i n t o  accc lun t .  I t  is b r i g h t  i n  t h e  3 / 2  i m a g e ,  p o s s i b l y  d u e  
to i t ' s  o r a n g y  b u f f  c o l o r ,  a n d  medium g r a y  w i t h  5/7 ra t ios ,  
b u t  much l i g h t e r  i n  t u n e  f r o m  ttie Gold  F l a t  T u f f .  L a b y r i n t h  
C a n y m  is a p a l e  powder  b l u e  a n d  d i s t i n c t  f rom I h l d  F l a t  i n  
t h e  3-5-7 c o m p o s i t e  a n d  u n i q u e  i n  c u l u r  c o n t r a s t  a s  w e l l  i n  
311-517-4 h y b r i d s  i n  wh ich  i t  is a v e r y  p a l e  p i n k .  T h e  u n i t  
is b r i g h t  i n  F C 1 ,  d a r k  i n  PC2. I t  a p p e a r s  masked b y  t h e  
b r i g h t  v e g e t a t i v e  r e s p o n s e  of  c h e a t  g r a s s  i n  PIX. I t  is 
p a l e  p i n k i s h  l a v e n d e r  on  t h e  PI21 P C 2  F'C3 c o m p o s i t e ;  a 
b r i g h t  o r a n g y  r e d  on t h e  FC1 P I X  PC4 c u n f i g u r a t i i m .  
S a t u r a t i m  a n d  h u e  i m a g e s  o f  b a n d s  3-5-7 g i v e  t h e  u n i t  a 
v e r y  b r i g h t  s i g n a t u r e ,  less so  i n  t h e  i n t e n s i t y  mode. T h e  
d e p o s i t  o c c u r s  w i t h  f a i r  c u l o r  c c r i t r a s t  a s  w e l l  i n  t h e  
l-+Hue ( :bands  2-5-71 a n d  ttie 3-%Hue ( b a n d s  1-2-41 
c w n p o s i t e s .  C o l o r  is n o t  u n i q u e  f o r  t h e  u ' n i t  o n  t h e  PC2 
c o m p o s i t e s  w i t h  b a n d s  5 a n d  7 a n d  b a n d s  3 a n d  7. 

KANE SPRINGS WASH VOLCANIC CENTER 

I m a g e r y  r e s p o n s e  of u n i t s  a t  Kane S p r i n g s  Wash is 
i n f l u e n c e d  much more s t r o n g l y  b y  t o p o g r a p h y  a n d  v e g e t a t i o n  
t h a n  t h e  o t h e r  2 s t u d y  si tes.  T u p o g r a p t i i c  r e l i e f  is alml:i:l.;t 

1(10(:) meters a n d  j u n i p e r  t rees  d o t  t h e  mesa t u p s ,  
p a r t i c u l a r l y  i n  t h e  n u r t h e r n  p a r t  o f  t h e  c a l d e r a .  O t h e r  
v e g e t a t i v e  c o v e r  is also t h i c k e r  t h r o u g h u u t  t h e  s c e n e ,  
i n c l u d i n g  foxtail  g r a s s ,  c h e a t  g r a s s ,  a t r u p l e x ,  s a g e  b r u s h ,  
bctxbrusti, and cactus plants .  

H I C O  TUFF. T h e  H i c o  F w m a t i o n  is t h e  o l d e s t  u n i t  i n  ttie 
s c e n e .  I t  is d i s t i n c t  c h i e f l y  d u e  to image t e x t u r a l  
p r o p e r t i e s .  On s o m e  i m a g e s ,  p a r t i c u l a r l y  ttie P c l  PC2 PIX  
c o m p o s i t e ,  a l t e r n a t i n g  d e n s e l y  w e l d e d  a n d  v a p o r  p h a s e  
a l t e r e d  l a y e r i n g  g i v e s  r i s e  to r e d  a n d  w h i t e  b a n d i n g .  
R e f l e c t a n c e  f r o m  H i c o  t u f f  i n c r e a s e . ;  i n  i n t e n s i t y  i n  h i g h e r  
w a v e l e n g t h  b a n d s .  The  u n i t  is b r i g h t  i n  3 /2  a n d  S/Z r a t io  
i m a g e s ,  darker o n  a 5/7. I t  is i n d i s t i n c t  i n  s i m p l e  color 
c m n p u s i t e s  a n d  h y b r i d  c u m p u s i t e s .  The  d e p o s i t  is b r i g h t  i n  
F C I ,  o b s c u r e  i n  o t h e r  PC's. I n  t h e  I S H  t r a n s f o r m ,  b a n d s  
3-5-7, t h e  s e c t i o n  is r e l a t i v e l y  b r i g h t  i n  ttie i n t e n s i t y  
mode, medium g r a y  i n  h u e  a n d  s a t u r a t i o n .  Ccmplex  c o l o r  
~ : ~ r n p ~ s i t e s  t e n d  to h i g h l i g h t  t h e  i n t e r v a l  b e s t .  I n  PI21 P I 2  
F'C3 a n d  F C  1 PC2 PC4 cornpwii t es t tie fcw m a t  i o n  i s 
c h a r a c t e r i z e d  b y  a r e d d i s h  b a n d e d  image .  I t  f w m s  a l i g h t  
powder  b l u e  i n  t h e  1 - 4 - I n t e n s i t y  ( I S H ,  b a n d s  3-5-7j i m a g e  
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a n d  e x h i b i t s  a s u b l e  d i s t i n c t i o n  i n  o t h e r  ISH h y b r i d s  w i t h  
o t h e r  b a n d s ,  for e x a m p l e ,  a 3 - 7 - S a t u r a t i 1 m  ( b a n d s  2-4-55. 
t t i e  3-5-7 I S H  I n t e n s i t y  p a r a m e t e r  i m a g e  e x h i b i t s  t h e  u n i t  
w i t h  r e l a t i v e l y  b r i g h t  i n t e n s i t i e s .  

K A N E  WASH TUFF ( U N I T S  V 1  AND V 2 > .  T h e  Kane Wash t u f f s  
e x h i b i t  medium g r a y  ttmes i n  lower w a v e l e n g t h  b a n d s ,  b u t  
a re  r e l a t i v e l y  b r i g h t  i n  band 5, i n c r e a s i n g  i n  i n t e n s i t y  i n  
band  7. T h e  u n i t  is q u i t e  b r i g h t  i n  t h e  5/1 and 5 / 2  r a t i o  
i m a g e s ,  rattier dark:: i n  the 5/7 image .  I n  ttie 3-5-7 
c u m p u s i t e  t h e  s e c t i o n  is a d i s t i n c t i v e  powder b l u e .  I t  is 
a n  i n d i s t i n c t  r e d  i n  t h e  3/1-3/74 image .  T h e  t u f f s  are  
e x t r e m e l y  b r i g h t  i n  t h e  Hue mctde o f  t h e  3-5-7 ISH 
t r a n s f i x m a t i o n ;  daub: i n  s a t u r a t i o n ;  a n d  medium g r a y  i n  t h e  
i n t e n s i t y  mode. I t s  a r e a s o n a b l y  d i s t i n c t i v e  l a v e n d e r  i n  
t h e  I S H  c o m p o s i t e .  I n  F‘Cl Kane Wash T u f f  is medium g r a y ;  i n  
PC2 q u i t e  d a r k  w h e r e  d e n s e l y  w e l d e d ;  t h e n  r e l a t i v e l y  l i g h t  
i n  FC’s 3-5. I n  c o m p o s i t e  FC’s - 1-2-3 a n d  2-3-4 - t h e  
f l x m a t i u n  is d i s t i n c t ,  e s p e c i a l l y  i n  t h e  l a t t e r  i n  w h i c h  i t  
t e n d s  t o w a r d  b r i g h t  b l u e .  I n  more e x m t i c  r e n d i t i o n s  w i t h  
ISH a n d  s i m p l e  b a n d  h y b r i d s  t h e  s e c t i m  i5  t y p i c a l l y  
h i g h l i g h t e d  w i t h  s u m e  c h a r a c t e r i s t i c  t i n t .  T h i s  a p p e a r s  t o  
b e  d u e  p r i m a r i l y  t o  t h e  p r e s e n c e  of l a r g e  areal e x p o s u r e s  
or p l a t  f o r m s  o f  d e n s e l y  we lded  z o n e s .  

A I R  FALL TUFFS. The  a i r  f a l l  t u f f s  wh ich  t e n d  t u  b e  v e r y  
l i g h t  i n  c o l c w  a re  h i g h l y  r e f l e c t i v e  i n  a l l  w a v e l e n g t h s .  
T h i s  c h a r a c t e r i s t i c  cmtrtrsls t h i s  u n i t p s i  r e s p o n s e  i n  fa l se  
ccilcir ciampI>si t e  i m a g e s .  T h e s e  t u f f s  are  q u i t e  b r i g h t  i n  
PCi ,  e v e n  b r i g h t e r  i n  PIX. Tlrlnal c c s n t r a 5 t  is o b s c u r e  i n  
h i g h e r  F‘C’s .  I n  a l l  ISH t r a n s f u r m a t i c m s  these g l a s s y  b e d s  
a r e  b r i g h t  i n  i n t e n s i t y  mode, o b s c u r e  i n  s a t u r a t i o n  arid 
hue .  The  d e p o s i t s  are  m o r e  u n i q u e l y  h i g h 1  i g h t e d  b y  PC 
cmnpos i  tes a n d  t h e  I - 4 - S a t u r a t i u n  ( b a n d s  3-5-7) image .  

SYENITE COMPLEX. T h e  s y e n i t e  cixnple:~; is r e c o g n i z a b l e  on  
i m a g e s  o n l y  a s  a n  a n o m a l ~ x ~ s  t e x t u r a l  p a t t e r n ,  i n v o l v i n g  
t o n e  a n d  cI=Ilor v a r i a t i o n  thrl:aughout a r o u g h l y  a n n u l a r  z o n e .  
The  p a t t e r n  is c r e a t e d  by  i r r e g u l a r  r e f l e c t a n c e  p r o p e r t i e s  
u v e  r r e 1 a t  i v e  1 y s m  a 1 1 ar eas t t i  r oug  ti cr u t t ti e c imp 1 e x . 
R e f l e c t a n c e  is v a r i a b l e ,  b u t  m o r e  c o n s i s t e n t l y  b r i g h t  i n  
t h e  h i g h e r  w a v e l e n g t h  b a n d s .  I n  i n d i v i d u a l  PI2 i m a g e s  t h e  
u n i t  e x h i b i t s  o v e r a l l  medium i n t e n s i t y  b r i g h t n e s s  e x c e p t  i n  
PI22 i n  w h i c h  i t  is r e l a t i v e l y  dark:. The  s u b t l y  d i s t i n c t  
b u s y  t e x t u r a l  p a t t e r n  seems f a i r l y  e q u a l l y  h i g h l i g h t e d  i n  
cumplex  c o m p o s i t e s  w i t h  h i g h l y  v a r i a b l e  h u e s  a n d  t i n t s .  Two 
subc i r c u l  ar z o n e s  w i t t i  i n t h e  c omp 1 e Y; , ex t i  i b i t r el at i v e l  y 
b r i g h t  s i g n a t u r e s  s imi la r  on  may i m a g e s  to t h e  t o p a z  
r h y o l i t e  dome d e s c r i b e d  be low.  T h e s e  z n n e s  r e f l e c t  s y e n i t i c  
f l o w  dome c l m p l e x  w i t h i n  the s y e n i t e  complex .  

TRACHYANDESITE LAVAS. The t r a c t i y a n d e s i  t e  l a v a s  are  
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e x p o s e d  p r i m a r i l y  i n  the c a n y o n s  w i t h i n  t h e  c a l d e r a  
c c m p l e x .  They  a r e  t h u s  l a r g e l y  o b s c u r e d  by  s h a d o w s  w i t h  
which  t h e y  t e n d  t o  b l e n d .  T h e  u n i t  is r e l a t i v e l y  
n c l n r e f 1 . e c t a n t  a n d  d a r k  i n  a l l  b a n d s .  I t  is t o n a l l y  l i g h t  i n  
the 5/7 image .  T h e  d e p o s i t  is l i g h t  i n  t o n e  i n  PC2, dark:: i n  
a1 1 lrjther F‘IZ’s. The  f c i rma t iun  is anomalc tus ly  d a r k  i n  t h e  
h u e  mode  o f  t h e  3-5-7 ISH t r a n s f c l r m  a n d  b r i g h t  i n  
s a t u r a t i o n .  I t  is a r e d d i s h  brown t o  g r e e n i s h  brown c o l o r  
i n  t h e  1-4-Hue ( b a n d s  3-5-71 image  a n d  ttie l - 4 - I n t e n s i t y  
c o m p o s i t e .  

RHYOLITE F L O W  DOMES. The r h y o l i t e  f l o w  d c l m e s  a n d  s y e n i t e  
domes o f  the s y e n i t e  ccamplex e x h i b i t  v e r y  s imilar  i m a g e r y  
s i g n a t u r e s .  Rhyl rs l i te  dumec, a re  c h a r a c t e r i z e d  b y  p e r a l k a l i n e  
t e n d e n c y  a n d  h i g h  F a n d  C1 a s  w e l l  a s  other i n c o m p a t i b l e  
e l e m e n t s  t h a t  p a r t i t i m i  i n t o  h i g h l y  evo l .ved  magmat i c  
d i f f e r e n t i a t e s .  O n e  c h a r a c t e r i s t i c  of t h e s e  u n i t s  is a 
c u n c i s e  s m a l l  ~ i ~ ~ b ~ i r ~ u l a r  o u t l i n e .  Tona l  c o n t r a s t  a n d  culm- 
p a t t e r n s  w i t h i n  t h e s e  d e p ~ x j i t s  is s o m e w h a t  v a r i a b l e .  I n  
t h a t  r e g a r d ,  t h u s ,  t h e y  b e h a v e  s i m i l a r l y  t o  t h e  s y e n i t e  
complex  d e s c r i b e d  a b o v e .  T h e  r h y o l i t e  a n d  s y e n i t e  f l o w  
dumes  are h i g h l y  r e f l e c t i v e  i n  a l l  b a n d s ,  b u t  t h e  r h y o l i t e  
domes  m o r e  so i n  band  7. Fur t h a t  r e a s r ~ n  r t iycr l i  t e  domes  
f o r m  s t r i k i n g l y  a n o m a l o u s  d a r k  b u l l s e y e  clxttrasts i n  t h e  
5/7 ratit2 image .  I t  is a b r i l l i a n t  r e d  c o l t > r  i n  t h e  
3/1-517-4 clIsmposite.  The  f o r m a t i o n  is u n i q u e l y  b r i g h t  i n  
PC:5, q u i t e  b r i g h t  a l s u  i n  PCl .  I t  is d a r k e r  i n  PC2. T h e  
u n i t  t e n d s  to r e s e m b l e  t h e  t h n e  Wash T u f f s  i n  many c ~ f  t h e  
c c l m p o s i t e  i m a g e s .  I t  e x h i b i t s  s l i g h t  d e v i a t i o n  f r o m  t h e  
t u f  f g ,  h u w e v e r ,  i n  t h e  l - 4 - S a t u r a t i i m  a n d  I n t e n s i t y  ( b a n d s  

d i s c r i m i n a t i u n  a r e  t h e  i n d i v i d u a l  b a n d s ,  PIX, 5/7 r a t i o ,  
a n d  s a t u r a t i o n  w i t t i  b a n d s  3-5-7, i n  which  ttie u n i t  a p p e a r s  
d a r  1:: . 

3-“- .J 7:) cumpcss i t e s .  P e r h a p s  the b e s t  i m a g e s  for i t s  

LATE BASALT. E a s a l t  c a p s  t h e  mesas w i t h i n  t h e  ca ldera .  
I t ’ s  s p e c t r a  are  c c t n t a m i n a t e d  by v e g e t a t i v e  c a v e r ,  
i n c  1 ud i ng spar zie to m o d e r a t e l y  d e n s e  j u n i  p e r .  T h e  b a s a l  t 
f l o w s  a r e  d a r k  i n  a l l  b a n d s ,  w i t h  a s l i g h t  i n c r e a s e  i n  
band .  The  u n i t  is r a t h e r  l i g h t ,  however ,  i n  t h e  5/7 r a t i u  
i m a g e  a n d  t h e r e f o r e  g r e e n i s h  on the 3/1--5/7-4 c o m p u s i  te. I n  
t h e  3-5-7 c o m p o s i t e  t h e  l a v a s  are  b l u e  t o  g r e e n i s h .  T h e  
u n i t  is v e r y  dark:  i n  PCl ;  i n d i s t i n c t  i n  o t h e r  PC’s. On t h e  
Pi: c o m p o s i t e s ,  1-2-3 a n d  2-3-4, b a s a l t  is d a r k  b l u e  t c s  
d u s t y  b l u e .  On ttie i n t e n s i t y  i m a g e  of t h e  ISH f u n c t i s n  on 
b a n d s  3-5-7 t h e  f t r j rmat iun is d a r k  b u t  i n d i s t i n c t  in h u e  a n d  
s a t u r a t i o n .  On t h e  1-+ISH c ~ ~ r n p u s i t e s  t h e  b a s a l t  is a dark; 
f e l t y  g r e e n .  The  u n i t  is a rattier d i s t i n c t i v e  p u r p l e  o n  t h e  
3/ 1-S-PI22 image .  
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D i r e c t i o n a l  f i l t e r s  were a p p l i e d  to a S t o n e w a l l  M o u n t a i n  
c c l n t r a s t  e n h a n c e d  band  5 i m a g e  i n  a n  a t t e m p t  t o  h i g h l i g h t  
t h i n  a i r  f a l l  t u f f  d e p o s i t s  a n d  b a s a l  v i t r o p h e r e s  CAppendix 
A;).  A i r f a l l  t u f f s  ( F l i n i a n  t y p e >  o f t e n  p r e c e e d  a s h  f l o w  
d e p o s i t i o n ,  a n d  b a s a l  v i t r o p h e r e s  may f o r m  a t  t h e  b a s e s  o f  
ash f l o w s  w h e r e  bedrmcC:: w a s  c o o l .  The  u c c u r r e n c e  o f  a i r  f a l l  
t u f f  a n d  b a s a l  v i t r c l p h y r e  is c r i t i c a l  t u  f o r m a t i o n  
d i s c r i m i n a t i o n  a n d  mapping  o f  a s h  f l o w  s e c t i o n s ,  for i t  is 
t h e  lower c o n t a c t s  o f  t h e s e  d e p o s i t s  t h a t  d e m a r k ,  b y  
1: on v e n  t i o n  , t t i  e 1 ID w e r  c on  t a c  t o f i n d i v i d u a  1 

F i l t e r s  i n v o l v e  IDIMS f u n c t i o n s  KERNEL a n d  CONVOL, w h i c h  

f or m a t  i ~ n s .  

f i r s t  create  a m a s k  I - l r  " k e r n e l "  and  t h e n  "I:unvolve" i t  to 
t h e  image .  T h e  m a s k  or k e r n e l  is a t w o  d i m e n s i o n a l  m a t r i x ,  
i n  t h i s  c a s e  a 3 x 3 m a t r i x  wh ich  c e n t e r s  on  e a c h  p i x e l  i n  
t h e  s c e n e  a n d  w e i g h t s  ttie s u r r o u n d i n g  p i x e l s  a c c o r d i n g  tci 

p r e s e t  a m o u n t s .  T h e  s u m  o f  ttie new w e i g h t e d  v a l u e s  o f  
s u r r o u n d i n g  p i x e l s  is t h e n  compared  to a new w e i g h t e d  v a l u e  
for  t h e  c e n t r a l  p i x e l .  I f  t h e  v a l u e  o f  t h e  c e n t r a l  p i x e l  is 
less t h a n  t h e  summed v a l u e  o f  s u r r o u n d i n g  p i x e l s  t h a n  ttie 
c e n t r a l  p i x e l  v a l u e  is c h a n g e d '  t o  t h e  l a t t e r .  F o r  e d g e  
e n h a n c e m e n t ,  ttie t e c h n i q u e  t e n d s  t o  s h a r p e n  b o r d e r s  b e t w e e n  
areas o f  g r a d a t i o n a l  t o n a l  c o n t r a s t .  F o r  o u r  p u r p i 3 s e s r  t h a t  
o f  h i g h l i g h t i n g  l i n e a r  c o n t r a s t  o f  b a s a l  g l a s s  a n d  a i r f a l l ,  
a d i r e c t i o n a l  b i a s  ( : J e n s e n ,  15~8tJl w a s  a p p l i e d  i n  o r d e r  to 
take a d v a n t a g e  o f  t h e  g e n e r a l  t r e n d  o f  a s h  f l o w  d e p o s i t s  i n  
t h e  S t o n e w a l l  s c e n e .  

Bo th  s o u t h w e s t  a n d  n c w t h e a s t  ( F i g u r e  51  f i l t e r s  were 
s u I z c e s s f u 1  i n  e n h a n c i n g  b a s a l  a i r f a l l  d e p o s i t s .  A i r f a l l  at 
ttie base s f  S p e a r h e a d  T u f f  is a p p a r e n t  i n  F i g u r e  5 a t  " A "  
a n d  at  t h e  b a s e  o f  C i v e t  C a t  Canyon T u f f  at "B". t h e  
airfall d e p o s i t  at the base of S p e a r h e a d  is a lso  m a n i f e s t  
on n o r m a l  nclnedge e n h a n c e d  i m a g e s ;  h o w e v e r ,  t h e  b a s a l  g l a s s  
e x h i b i t e d  u n d e r  C i v e t  Cat Canyon T u f f  w a s  n o t  o b s e r v e d  i n  
o t h e r  i m a g e s .  

VEGETAT I ON SCREEN I NG 

V e g e t a t i o n  f o r m s  o n l y  20-40% o f  t h e  c o v e r  a t  t h e  
S t o n e w a l l  M o u n t a i n  a n d  EclacC:: M o u n t a i n  s t u d y  sites; h o w e v e r ,  
a t  Kane S p r i n g s  Wash, w i t h  s c e n e  re l ief  o f  o v e r  3000 feet 
a n d  e l e v a t i o n s  a b o v e  E5000 feet, s h r u b  c o n i  fer  a d d  t o  t h e  
v e g e t a t i o n  p o p u l a t i o n  i n  t h e  n l x - t h e r n  p l w t i o n  o f  t h e  area 
l e a d i n g  to s i g n i f i c a n t  s p e c t r a l  c o n t a m i n a t i o n  f r o m  a 
l i t h c ~ l l ~ g i c  p o i n t  o f  v i ew.  

A p r e l i m i n a r y  a t t e m p t  at  image v e g e t a t i o n  r e d u c t i o n  w a s  
u n d e r t a k e n  a t  Mane S p r i n g s  Wash p a r t l y  i n  a n t i c i p a t i o n  o f  
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F i g u r e  6 .  5/4+4/3 imago  o f  Kane 
S p r i n g s  Wash. T h i s  I:ImFiguratiirjn 

I 
Figure 5 .  NE d i r e c t i m i a l  f i l t e r  I o f  b a n d  5 ,  Stcanewal l  area,  w i t t i  
a 0.4-1 a d d  baizl::. N1:1te entir7nl:ed t e n d s  t u  r e d u c e  v e g e t a t i v e  i n t e r -  

~ a i r  fa]. 1. a s h  layer a t  " A " .  f et- e n c  e 

I 
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-7 TIMS d a t a  a c q u i s i t i o n  o v e r  t h e  area b y  N A S A .  S i m p l e  b a n d  
r a t i o s  a n d  many r a t i v  s u b t r a c t i i m  a n d  a d d i t i o n  t e c h n i q u e s  
were c o n d u c t e d  (:Appendix Bj. S i n c e  v e g e t a t i c i n  r e f l e c t a n c e  
is h i g h e r  t h a n  ro1 :k / s13 i l  i n  band  4, b u t  s i m i l a r  i n  band  5, 
a 4/3+5/4 i m a g e  ( F i g u r e  61 t e n d s  to sm1mth over v e g e t a t i v e  
r e s p o n s e  b y  a d d i n g  b a c k  t h e  v e g e t a t i o n  e n h a n c e m e n t  o f  a 4/3 
i m a g e  t u  ttie dark:  m a s k  o v e r  v e g e t a t i o n  r e s u l t i n g  i n  t h e  5/4 
image .  O t h e r  a d d i t i v e  a n d  s u b t r a c t i v e  c o m b i n a t i o n s  were 
a t t e m p t e d ,  i n c l u d i n g  ra t ios  2 / 3 ,  4/3, 7/2, etcetera 
( A p p e n d i x  BS . A 5/2 4/3+5/4 7/2 c1sll~r ~1:impl:isi'te p r o v i d e s  a 
v e g e t a t i o n  r e d u c e d  image ,  b u t  i n  a l l  o f  t h e s e  a t t e m p t s  some 
v e g e t a t i v e  r e s p ~ m s e  r e m a i n e d .  

SPECTRAL CLASSIFICATION 

UNSUPERVISED CLASSIFICATION 

U n s u p e r v i s e d  c l a s s i f i c a t i o n  w a s  p e r  fo rmed  on e a c h  of t h e  
3 s t u d y  sites, u s i n g  IDIMS f u n c t i i m  ISOCLS ( A p p e n d i x  C > .  
ISOCLS a p p l i e s  a c l u s t e r i n g  a l g o g i t h m  to  a m u l t i s p e c t r a l  
i m a g e ,  i n  t h i s  case, &banded i m a g e s ,  i n  o r d e r  t o  p a r t i t i o n  
m u l t i v a r i a t e  d a t a  p o i n t s  i n t o  d i s p a r a t e  c a t a g o r i e s  w i t h  
s imilar  s t a t i s t i c a l  p r o p e r t i e s .  The f u n c t i o n  o p e r a t e s  b y  
" s p l  i t  ' I  a n d  " c l m b i n e "  i t e r a t i o n s ,  i n v o l  v i  ng  t h e  d i s t a n c e  
b e t w e e n  d a t a  p o i n t s  a n d  t h e  ~ z l u s t e r  m e a n s .  I f  a d a t a  
p o i n t ' s  s t a n d a r d  d e v i a t i o n  is g r e a t e r  t h a n  ttie d e f a u l t  
v a l u e  o f  4.5, " s p l i t i n g "  o c c u r e s  a n d  a n e w  c l u s t e r  is 
c r e a t e d .  The  maximum number o f  c l u s t e r s  set w a s  16, t h e  
d e f a u l t  v a l u e .  

Compar iscm o f  F i g u r e s  7 a n d  8 w i t h  t h e  c w r e s p o n d i n g  
g e m l o g i c  maps  e x h i b i t e d  i n  F i g u r e s  2 a n d  3 seems to r e s u l t  
i n  f a i r l y  weak:: l i t h o l o g i c  c o r r e l a t i m n .  S a m e  u n i t s  a re  
f a i r l y  w e l l  r e p r e s e n t e d ,  i n  p a r t ,  by  the classes d e s i g n a t e d  
b y  ISOCLS - scame b a s a l t  a t  Kane S p r i n g s  Wash a n d  some o f  
t h e  Go ld  F l a t  t u f f  a t  B l a c k  M o u n t a i n ,  f w  e x a m p l e  - b u t  f u r  
t h e  m o s t  p a r t ,  s p e c t r a  of t h e  c l a s s i f i e d  c l u s t e r s  i n c l u d e  
a l l u v i u m  a n d  m i x e d  p i x e l  z o n e s  w i t h  many d i s c r e p a n c i e s  a n d  
o n l y  n o m i n a l  l i t h o l o g i c  c o r r e l a t i o n .  The  method seems t o  
w1x-k b e s t  a t  t h e  S t o n e w a l l  M o u n t a i n  area w h e r e  v e g e t a t i o n  
a n d  t o p o g r a p h i c  r e l i e f .  p r o v i d e  least i n t e r f e r e n c e .  

The  u n s u p e r v i  s e d  c 1 assi f i c a t  i o n  sa: heme a t  S t o n e w a l l  
Mount a i  n w a s  r e g r o u p e d  b y  f unc  t i o n  , REIZLAS whi c t i  r ec 1 asses 
p i x e l s  i f  t h e y  d i f f e r  f r o m  p i x e l s  i n  a s u r r o u n d i n g  3 x 3 
m a t r i x .  The  a l g o r i t h m  r e s u l t s  i n  a r e d u c t i o n  o f  classes a n d  
a m u r e  g e n e r a l i z e d  c l a s s i f i c a t i v n  wh ich  i m p r o v e s  l i t h o l o g i c  
c o r r e l a t i o n  s lxnewhat .  
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SUPERVISED CLASSIFICATION 

I 

S u p e r v i s e d  c l a s s i  f i c a t i m  w i t t i  IDIMS' f u n c t i o n  CLASFY w a s  
a p p l i e d  a t  t h e  Stlmewall Mlwnta in  s t u d y  s i t e  ( F i g u r e  95. 
The c o m p u t e r  p r o c e s s i n g  p r o c e d u r e  i n v o l v e s  d e f i n i t i o n  of  
t r a i n i n g  s i tes  ( F u n c t i o n s  TR a n d  TAI  o n  known c o v e r  t y p e s ,  
i n  t h i s  c a s e ,  v c l l c a n i c  f o r m a t i o n s  ( F i g u r e  10); a s s i g n i n g  
t h e  t r a i n i n g  s i tes to a s p e c i a l  f i l e  (IRRECV:)  a n d  
p e r f o r m i n g  s t a t i s t i c a l  e v a l u a t i o n  o f  t h e  p i x e l s  w i t h i n  t h e  
t r a i n i n g  s i tes  w l t t i  t h e  f u n c t i o n ,  STATS. CLASFY t h e n  
e v a l u a t e s  a l l  p i x e l s  a c c o r d i n g  to a maximum 1 i k ; e l i h o o d  
d e c i s i o n  r u l e  b a s e d  on  c l a s s  c u v a r i a n c e  matrices a n d  mean 
vet:: t or s ( J e n s e n  , 1986 > . 

The s u p e r  v i  s e d  m e t  hod r e s u l  t e d  i n g e n e r  a1 1 y p u s i  t i v e  
c l a s s i f i c a t i o n  o f  p i x e l s  a c c o r d i n g  t o  l i t h o l i q y  ( F i g u r e s  11 
a n d  12:). Cc4ierent  grcrups  o f  c o n t i g u o u s  p i x e l s  c o r r e s p o n d  
w i t h  m a p p a b l e  f o r m a t i o n s  at  a scale o f  a b o u t  1:50,00(S. 
I s o l a t e d  p i x e l s  a n d  n a r r o w ,  d e n d r i t i c ,  r e t i c u l a t e  or 
e r r a t i c  p a t t e r n s  d o  n o t  t y p i c a l l y  ref lect  e x p o s e d  or 
m a p p a b l e  b e d r o c k .  T h e s e  p i x e l s  a p p e a r  t u  b e  l a r g e l y  u n u s u a l  
a l l u v i u m  or d e t r i t u s  w i t h o u t  d i s t i n c t  classes o f  t h e i r  own. 

Func t i o n  RECLAS w a s  a1 so a p p l  i e d  t-13 t tie s u p e r  v i  s e d  
c l a s s i f i c a t i u n  image  a t  S t o n e w a l l ,  r e s u l t i n g  i n  less 
e r r a t i c ,  o u t l y i n g ,  p i x e l s .  T h i s  method l e a d s  to b e t t e r  
o v e r a l l  g r c u p i n g s  f u r  g e c l l o g i c  mapping  p u r p o s e s .  

LAB SPECTRA .. 
A f e w  s e l e c t  s a m p l e s  o f  rock s u r f a c e s  were s c a n n e d  f o r  

v i s i b l e / I R  s p e c t r a l  c h a r a c t e r i s t i c s  on J F L ' s  beckman l a b  
spectrophotometer last Spring (:Figure 13.). The r e s u l t s  
s u p  p 111 r t b a n d  r e f 1 ec t a n  c e r e 1 at  i un  s t i  i p 5 e Y; t i  i b i t ed i n 
c o n t r a s t  e n h a n c e d  s i n g l e  band  i m a g e s  a n d  h y b r i d  c o m p o s i t e s  
i n v o l v i n g  band  r a t i o s .  O f  m o s t  s i g n i f i c a n c e :  

1. 

2. .- 

3. 

4. 

c d. 

Lower w a v e l e n g t h  b a n d s  a r e  more a b s o r b e n t  
to sur f aces  w i t h  d e s e r t  v a r n i s h  (coated>. 
A t  h i g h e r  w a v e l e n g t h s  - b a n d s  5 a n d  7 - 
v a r n i s h  abscw p t  i on  becctmes 1 ess si g n i  f i c a n t  
s i n l z e  l o w e r  E r a d i a t i o n  p e n e t r a t e s  d e e p e r .  
Tt ie  p r u g r e s s i  ve l  y d e c r e a s i n g  i n f  1 u e n c e  
o f v a r  n i sti a b  s l x  ban  11 e a t  1 o n g e r  wave 1 e n g  t tis 
causes lower 5/7 r a t i o  v a l u e s  f o r  s u r f a c e s  
w i t t i  v a r n i s h .  
A s  v a r n i s h  cover i n c r e a s e s  517 r a t i o  v a l u e s  
s h o u l d  d e c r e a s e .  
The  s l o p e  o f  t h e  r e f l e c t a n c e  c u r v e  for Gold  
F l a t  T u f f ,  a h i g h l y  e v o l v e d  u n i t  w i t h  a h i g h  
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LANDSAT TM BANDS 
L 1 2 3  4 

c-un - 7 - 
RHY OLITE/LATITE 

COATED 

UNCOATED 

MAFIC TRACHYTE 

ASH FLOW TUFF 30 I. 

10 

SPEARHEAD TUFF UNCOATED 

60 

0 

F i g u r e  

GOLD FLAT TUFF 

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 

WAVELENGTH IN MICROMETERS 

1 3 .  S p e c t r a l  c u r v e s  o f  r o c k  surfaces w i t h  e x t e n s i v e  
d e s e r t  varnish compared  with t h e i r  u n v a r n i s h e d  
c o u n t e r p a r t s .  Data c o l l e c t e d  on JPL’s Beckman lab 
s p c c t r l ~ p h l ~ t l ~ m e t e r .  (:Uncoated s a m p l e  o n l y  shown for  
t h e  r h y o l i t e  s a m p l e .  > 



.. 

c o n  $3 e n  t r a t  i on 1:) f i n 1: cun p a t  i b 1 e L I L e 1 emen t 9 , 
b e t w e e n  b a n d s  5 a n d  7 is q u i t e  s t e e p ,  w h i c h  
s h ~ x i l d  l e a d  to  v e r y  l o w  5/7 v a l u e s .  

6. F e l s i c  u n i t s  w i t h  a h i g h  c o n c e n t r a t i i m  o f  
v a r n i s h  s h l s u l d  e x h i b i t  h i g h e r  5 / 2  v a l u e s .  

T h e s e  r e 1 a t  i ~ s n s t i  i p s  tiel p e x p  1 ai  n i mager  y 1: on  t r ast a n d  
band  r e l a t i o n s h i p s  at  e a c h  o f  t h e  3 s t u d y  s i tes  w h e r e  
s imi l a r  r e l a t i ~ : ~ n s t i i p s  e x i t  w i t h  r e g a r d  to d e s e r t  v a r n i s h  
1-1 1:: 1: u r r e n  c e , mag m a t  i C: e vts 1 u t  i un , and p e t  r m: t i  e m  i s t r y . T t i  e 
fcil l o w i n g  2 s e c t i u n s  p r e s e n t  b i n a r y  a n d  t e r n a r y  p l o t s  . w h i c h  
ex t i  i b i t t tie.;@ r el a t  i ~ s n s h i  p s  , g r  a p  h i  c a1 1 y . 

I- I THOLOGY-FETEOCHEM I STRY-BAND REFLECTANCE D I A G R A M S  

F i g u r e s  14, 15, a n d  16 s t i c l w  r e f l e c t a n c e  v a l u e s  f o r  e a c h  
u f  t h e  TM b a n d s  o f  e a c h  1 i t t i ID log ic  u n i t  w w k e d  w i t h  t o  
d a t e .  F i g u r e s  17, 18, 19 a n d  20 p r e s e n t  b i n a r y  a n d  t e r n a r y  
band  v s  b a n d  p l o t s  a n d  band  v s  c o m p o s i t i a n  d i a g r a m s  for 
u n i t s  f r o m  t h e  S t o n e w a l l  Moun ta in  area. T h e  f o c u s  was o n  
b a n d s  w h i c h  s e e m e d  m o s t  s i g n i  f i c a n t  f r o m  i m a g e r y  a n d  l a b  
s p e c t r a .  A l t h o u g h  p o i n t s  on  t h e  g r a p h s  are  l i m i t e d  b y  t h e  
r e s t r i c t e d  number o f  m a p p a b l e  i m a g e r y  u n i t s  i n  ttie s c e n e s ,  
s~:~me u n a p p a r e n t  t r e n d s  a n d  g r c i u p i n g s  u f  u n i t s  c a n  b e  
d e l i n e a t e d  crn t h e  b a s i s  o f  e x p e c t e d  r e l a t i o n s h i p s  i n v o l v i n g  
f e l s i c  t e n d e n c i e s ,  d e g r e e  n f  magmat ic  e v o l u t i o n ,  a n d  e x t e n t  
a n d  m a t u r i t y  o f  deser t  v a r n i s h .  T t i e  t r e n d s  a n d  g r o u p s  t h a t  
a re  i n t e r p r e t e d  o n  t h e s e  d i a g r a m s  a n d  t h o s e  t h a t  f o l l u w  are  
c ~ m ! s i s t e n t  w i t h  ttie i m a g e r y  a n d  l a b  s p e c t r a  f m r  t h e s e  
u n i t s .  

T t i e  more m a g m a t i c a l l y  e v o l v e d  l a t e  f l o w s  o f  t h e  
S t o n e w a l l  M o u n t a i n  c a l d e r a  - t h e  a s h  f l o w  t u f f s  - show 
lower 517 values than the basalts a n d  r h y o l i t e s  d e r v i v e d  
f r o m  the Mount H e l e n  c a l d e r a  ( F i g u r e  175. A l t h o u g h  a 
s t r a i g h t  l i n e  a l b e d o  r e l a t i o n s h i p  exists amoung t h e  u n i t s  
on t h e  5 v s  7 p l o t ,  d i v e r g e n c e  on  t h e  o t h e r  g r a p h s  seem to 
f o l l o w  2 d i s t i n c t  t r e n d s :  o n e  i n v o l v i n g  t h e  a s h  f l o w  ctf t h e  
S t u n e w a l l  c a l d e r a ,  t h e  o t h e r  i n v o l v i n g  t h e  u n i t s  f r o m  Mount 
H e l e n .  Ttie l o w e r  517 v a l u e s  of t h e  a s h  f l o w  u n i t s  o f  
St lmewall  is p r o b a b l y  d u e  b o t h  t u  t h e  e x i s t e n c e  of m o r e  
e x t e n s i v e ,  w e l . 1  d e v e l o p e d  d e s e r t  v a r n i s h  o n  t h e s e  u n i t s  a n d  
t u t ti e r e 1 a t  i v e 1 y ti i g ti c 12 n c e n  t r a t  i on u f i n c omp a t  i b 1 e 
e l e m e n t s  t h e y  c o n t a i n .  The  t w o  g r o u p s  p l d  a l o n g  s e p a r a t e  
t r e n d s  on ttie 2 v s  5 g r a p h ,  d u e  a p p a r e n t l y  to a b s w - p t i c l n  o f  
v a r n i s h  i n  b a n d  2. Tt ie  h i g h e r  a lbedc i  u f  more f e l s i c  a n d  
e v o l v e d  u n i t s  l e a d s  t u  ttie t r e n d s  w i t h i n  e a c h  o f  t h e  t w o  
g r l sups .  The  5/2 v 5  7 d i a g r a m  d i s t r i b u t e s  t h e  u n i t s  i n  a 
L7 r c1il.d r el at i on s h  i p I: ong  r uen  1; w i  t ti m a g m a  t i c e v o 1  u t  i o n  - 
h i g h e r  7 a n d  5/2 v a l u e s .  
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Figure 16. Reflectance values by TM band for 
units from the Kane Springs Wash site. DN 
values are for well illuminated exposure. 
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Figure 17. Band vs band plots for lithologic units from 
the Stonewall Mountain site. 
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Figure 18. Ternary plots of bands and band 
ratios from the Stonewall site showing the 
more prominent lithologies. 
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T e r n a r y  band  p l o t s  f o r  t h e  S t o n e w a l l  u n i t s  ( F i g u r e  183 
d i s t r i b u t e  t h e  d e p c i s i t s  i n  p r e d i c t i b l e  p a t t e r n s  a c c o r d i n g  
to r e l a t i o n s h i p s  d e p i c t e d  i n  t h e  b i n a r y  d i a g r a m s .  t h e  
l i n e a r  d i s t r i b u t i o n  o n  t h e  5/2-5/7-3/2 t r i a n g l e  is b e l i e v e d  
t o  b e  d u e  i n  p a r t  to b o t h  rock p e t r o c h e m i s t r y ,  w i t h  t h e  
h i g h l y  e v o l v e d  u n i t s  p l o t t i n g  away frcim t h e  5/7 a p e x  a n d  
t o w a r d  t h e  5/2 a p e x ,  a n d  t u  d e s e r t  v a r n i s h ,  w i t h  t h e  ash 
f l o w  t u f f s  f a l l i n g  t o w a r d  t h e  5/2 a p e x .  

F i g u r e s  1'3 a n d  20 show band  vs c u m p u s i t i o n a l  d i a g r a m s  
f u r  t h e  S t o n e w a l l  u n i t s  . D i s t i n c t  t r e n d s  r e s u l t  f r o m  a 
c o r r e l a t i m  o f  : a l b e d o  w i t h  f e l s i c  t e n d e n c y ,  e n r i c h m e n t  i n  
i n c o m p a t i b l e  e l e m e n t s  a n d  t h u s  d e g r e e  s f  magmatic. 
e v o l u t i o n ,  a n d  e x t e n t  a n d  i n t e n s i t y  o f  d e s e r t  v a r n i s h .  I t  
seems wlrsrttiy to n o t e  t h a t  r e f l e c t a n c e  t r e n d s  o f  517 a n d  5/2 
r a t i o s  w i t h  r e s p e c t  t o  s i l i c a  i n d i c a t e  a s l i g h t  n e g a t i v e  
s l o p e  a n d  i n c r e a s e  i n  s i l i c a  w i t h  a d e c r e a s e  i n  5/7 v a l u e s  
a s  e x p e c t e d ,  b u t  5/2 r a t i o s  d e c r e a s e  a s  w e l l ,  a n d  s h a r p l y ,  
as  s i l i c a  i n c r e a s e s .  A s  w e  w i l l  see f r o m  p l o t s  o f  v a l u e s  
f r o m  the o t h e r  2 s t u d y  s i tes ,  a n  i nc rease  i n  5/2 ra t ios  
seems t u  i n d i c a t e  a n  i n c r e a s e  i n  magmat i c  e v o l u t i o n ,  more 
a s  m e a s u r e d  b y  p e r a l k a l i n e  t e n d e n c y  ( h i g h e r  N a 2 0 + t S O j ,  
r a t h e r  t h a n  s i l i c a .  band  r e f l e c t a n c e  p l o t s  a g a i n s t  t h e  ra re  
e l e m e n t s  r e v e a l  5 1 i n e a r  r e l a t i ~ ~ n s h i p s  p a r  t i  c u l  a r l y  b e t w e e n  
5/7 v a l u e s  a n d  F. The  c o r r e l a t i o n  b e t w e e n  r e f l e c t a n c e  
v a l u e s  a n d  t h e  r a r e  e l e m e n t s  is s u p e r i c l r  t o  l i n e a r  
r e l a t i c m ! s h i p s  b e t w e e n  r e f l e c t a n c e  v a l u e s  a n d  t h e  major 
o x i d e s ,  r e f l e c t e d  i n  p a r t  b y  t h e  d i f f e r e n t i a t i o n  i n d e x  cDI5 
a n d  F e l s i c  i n d e x  ( F I j .  

S i  m i  1 ar r el at  i o n s h i  p s  a n d  t r  e n d s  c a n  b e  f ciund among t h e  
band  vs band  a n d  band  v5 c o m p u s i t i u n a l  p l o t s  for u n i t s  f r o m  
t h e  B l a c k  M o u n t a i n  a n d  K a n e  S p r i n g s  Wash s t u d y  sites 
( F i g u r e s  21-33:). A t  b l a c k  M o u n t a i n ,  h i g h l y  e v o l v e d  
p e r a l k a l i n e  Gold F l a t  T u f f  a n d  L a b y r i n t h  Canycin T u f f  
(:distal S p e a r h e a d 1  f o r m  s e p a r a t e  t r e n d s  a n d  g r o u p s  ~ i n c e  
t h e y  bclth h a v e  r e l a t i v e l y  h i g h  a l b e d o  a n d  e x h i b i t  
r e l a t i v e l y  w e l l  d e v e l o p e d  d e s e r t  v a r n i s h .  B o t h  u n i t s  h a v e  
h i g h  value.; i n  b a n d  5, l o w  v a l u e s  i n  b a n d  2, t h u s  a h i g h  
5 / 2  r a t i o  ( F i g u r e  215. The  Go ld  F l a t  T u f f  is a n  u n u s u a l ,  
q u i t e  h i g h l y  e v o l v e d  l a t e  magmatic d i f f e r e n t i a t e  w i t h  a llaw 
5/7 r a t i o  a n d  h i g h  F a n d  a l k a l i n e  c o m p o n e n t s  ( F i g u r e  235. 
The t e r n a r y  p l o t  o f  514-5/7-3/2 d i s t r i b u t e s  d e p o s i t s  
a c c o r d i n g  t o  a l k a l i n e  t e n d e n c i e s  a n d  i n c o m p a t i b l e  e l e m e n t  
c o n t e n t ,  w i t h  l o w e s t  t a r s  h i g h e s t  f rom T r a c h y t e  u f  H i d d e n  
C l i f f  ( T I ,  l a v a s  1:1f F i l l a r  S p r i n g s  a n d  T r a i l  R i d g e  T u f f  
CPRI , o l d e r  T h i r s t y  I2myon T u f f  ( C j ,  L a b y r i n t h  Canycsn T u f f  
(LT,  to  Gold  F l a t  T u f f  (13:). The  co r re l a t ion  b e t w e e n  lower 
5/7 v a l u e s  w i t h  d e g r e e  irsf magmat i c  m a t u r i t y  is a g a i n  
a p p a r e n t  i n  r e f l e c t a n c e  v s  r a r e  e l e m e n t  p l o t s ,  p a r t i c u l a r l y  
Th,  Rb, a n d  F ( F i g u r e s  23 a n d  245. 
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'3 A t  Kane S p r i n g s  Wash i n t e r e s t i n g  s p e c t r a l  
c h a r a c t e r i = i t i c s  a re  a p p a r e n t  b e t w e e n  t h e  3 h i g h e s t  a l b e d o  
u n i t s ,  t h e  H i c o  T u f f ,  Kane S p r i n g s  T u f f ,  a n d  TlDpai R h y o l i t e  
wh ich  a re  c u n g r u e n t  w i t h  d i f f e r e n c e s  i n  t e n d e n c i e s  t o w a r d  
magmat i c  m a t u r i t y  a n d  d e s e r t  v a r n i s h  f o r m a t i l ~ n .  T h e  f i n a l  
f l o w  f r o m  t h e  Kane S p r i n g s  v o l c a n i c  c e n t e r  w a s  t h e  Kane 
S p r i n g s  T u f f  wh ich  c l s n s i s i t s  o f  3 ~ : o o l i n g  u n i t s .  Eatrti is 
p e r a l . k a l i n e  a n d  f a i l y  w e l l  e v o l v e d .  They  were f o l l o s e d  b y  
i n t r a c a l d e r a  l ava  domes  c s n s i s t i n g  of t o p a z  r h y o l i t e ,  t h e  
must  e v o l v e d  d e p o s i t  irjf t h e  c e n t e r .  D i v e r g e n c i e s  exit f r o m  
ttie m o r e  t y p i c a l '  p l o t s  e s t a b l i s h e d  among t h e  u n i t s  a t  t h e  
o t h e r  2 s t u d y  sites. On a 5/7 v s  5 p l o t ,  f o r  e x a m p l e  
( F i g u r e  255, a) gucid l i n e a r  c o r r e l a t i o n  exits, c o m p a t i b l e  
w i t h  magmat i c  e v o l u t i s n ,  w h e r e a s  o n  ttie 5/7 v s  5/2 p l o t s ,  
Kane Wash T u f f  a n d  ti:~paz r h y o l i t e  a p p e a r  t o  p l o t  a l ~ s n g  
d i v e r g e n t  t r e n d s  d u e  p l s s s i b l y  tcl t h e  greater d e v e l o p m e n t  o f  
d e s e r t  v a r n i s h  a n d  h i g h e r  5/2 v a l u e s  on t h e  former. Mure 
e x t e n s i v e  v a r n i s h  may a c c o u n t  f c ~ r  t h e  d e p a r t u r e  uf Kane 
Wash T u f f  f r o m  a n  I I r therwise  l i n e a r  d i s t r i b u t i o n  llrn t h e  5/2 
v s  Na20+K20 a n d  S/Z v s  Si02 d i a g r a m s  ( F i g u r e  27). A g a i n  t h e  
l a r g e  i o n  1 i t h o p h i  l e  SLIL> e l e m e n t s  a n d  1 3 t h e r  i n c o m p a t i b l e s  
p r o v i d e  p o s i t i v e  c o r r e l a t i o n  w i t h  b a n d  7 a n d  5 / 7  p l o t s .  
Far t i I: u 1 ar 1 y g msd 1 i n e a r  r e 1 a t  i on sh i p s ar e e x  ti i b i t e d  w i t ti 
T a ,  Rb, Yb, a n d  F. 

F i g u r e s  29 a n d  30 c ~ x n b i n e  u n i t s  f r lxn e a c h  of  ttie s t u d y  
areas. I n  t h e s e  d i a g r a m s  t h e  r e l a t i o n s h i p s  e s t a b l i s h e d  for 
e a c h  area s e e m  t u  p r e v a i l  i n  a g e n e r a l  way. A f e l s i c  a n d  
magmatilr e v o l u t i l ~ r n  t r e n d  s e e m  t o  g i v e  b i r t h  t u  b o t h  lower 
5/7 a n d  h i g h e r  5 /2  v a l u e s ;  t h e  5/7 r e l a t i ~ m s h i p  d o m i n a t i n g  
i n  i m p o r t a n c e .  T r e n d  b i  f e r c a t i o n s  i n t e r p r e t e d  f rom t h e  
b i n a r y  g r a p h s  ( F i g u r e  30> r e f l e c t  h i g h e r  5/2 r a t i o s  o v e r  
u n i t s  w i t h  w e l l  d e v e l o p e d  v a r n i s h  a n d  l o w e r  5 / 7  v a l u e s  w i t h  
a n  i n c r e a s e  i n  p e r a l k a l i n i t y  a n d  ra re  e l e m e n t  c o n t e n t .  
Higher  a l b e d l s s  i n  b a n d s  5 a n d  7 fc t l l uw a g e n e r a l  i n c r e a s e  
i n  f e l s i c  t e n d e n c i e s .  

THE ROCK-VARNISH INDEX 

With  a n  i n c r e a s e  i n  d e s e r t  v a r n i s h  f u r m a t i o n  o n  a g i v e n  
h o s t ,  b u t t i  i n  terms u f  i n t e n s i t y  or t h i c k n e s s  a n d  
p e r v a s i v e n e s s ,  t h e r e  s h o u l d  also b e  a c u n c o m i t t a n t  i n c r e a s e  
i n  t h e  5/2 r a t i o  I F  a s i g n i f i c a n t  d i f f e r e n c e  exists b e t w e e n  
t h e  ~ : ~ m p u z ; i t i c l n  a n d  a l b e d o  1:1f t h e  v a r n i s h  a n d  t h a t  u f  t h e  
u n d e r  1 y i  n g  h o s t .  A s  h o s t  f el si c t e n d e n c y  i n c r  eases so t CJO 

wou1 d ref 1 el: t a n c e  V a l  ues i n c r e a s e  as wave1 e n g t  ti i n c r e a s e s .  
Wi th  a n  i n c r e a s e  i n  t t i icC::ness o f  v a r n i s h ,  r e f l e c t a n c e  wuuld  
b e  i n c r e a s i n g l y  a t t e n u a t e d  d u e  to i n c r e a s e d  a b s o r p t i o n  b y  
v a r n i s h  r e l a t i v e  to u n d e r l y i n g  ti~>st. V a r n i s h  c l x i t i n g s  un  
m a f i c  r u c k s  a p p e a r s  i n d i s t i n g u i s h a b l e  d u e  to s i m i l a r i t i e s  
i n  a l b e d o .  T h e  v a r n i s h  d i v e r g e n c e  t r e n d s  i n t e r p r e t e d  o n  t h e  
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g r a p h s  a b o v e  a r e  c o n t r o l l e d  by  b o t h  t h e  d i  f f e r e n c e  i n  
composi  t o n  b e t w e e n  t h e  v a r n i s h  a n d  h o s t  roc!:: a n d  t h e  e x t e n t  
u f  v a r n i s h  d e v e l u p m e n t .  The  5/2 r a t i o  c a n  b e  a h e l p f u l  
m e a s u r e  u f  e x t e n t  of v a r n i s h  d e v e l o p m e n t .  I t s  a p p l i c a b i l i t y  
i n c r e a s e s  w i t h  f e l s i c  t e n d e n c y  n f  ticlst r o c k .  A t t e n u a t i o n  of 
r e f l e c t a n c e  b y  v a r n i s h  is i n v e r s e l y  p r o p o r t i u n a l  t u  
w a v e l e n g t h .  A s  v a r n i s h  b u i l d s  up  on  a g i v e n  t i m E j t ,  b a n d s  2 
a n d  5 are d i s p r u p o r t i o n a t e l y  a f f e c t e d ,  w i t h  s h o r t e r  
w a v e l e n g t h s  a f f e c t e d  t h e  g r e a t e r .  T h i s  s h o u l d  r e s u l t  i n  a 
h y p e r b o l i c  c u r v e  r e l a t i u n s h i p  i f  v a r n i s h  t h i c k n e s s  were 
p l o t t e d  a g a i n s t  a 5/2 r a t i o  t u  a p o i n t  w h e r e  band  2 
r e f l e c t a n c e  r e a c h e s  a minimum a n d  t h e  c u r v e  s l o p e  
s t a b i  1 i z e s .  

I t  s e e m s  u s e f u l  to i n t r o d u c e  a new c o n c e p t  t h a t  s h o u l d  
h e l p  o u r  d i s c u s s i o n s  o f  v a r n i s h  a n d  i t s  i m a g e r y  
c liar ac t er i st i c s  . The d e t e c t  i on 13 f v a r  n i  s h  , ac c u r  d i ng t o 
p r i n c i p l e s  d i s c u s s e d  a b o v e ,  d e p e n d s  on  ttie c o m p o s i t i o n a l  
d i f f e r e n c e  b e t w e e n  t h e  v a r n i s h  a n d  u n d e r l y i n g  h o s t .  T h i s  
d i f f e r e n c e ,  p e r h a p s  b e s t  d e f i n e d  i n  terms o f  t h e  
f e r r o m a g n e s i a n  srumpunents  is h e r e i n  t e r m e d  t h e  R ~ x k - V a r n i s h  
I n d e x  C R V I S  d e f i n e d  by: 

R V I  = w t %  MnO + FeO i n  v a r n i s h /  
u t %  MnO + FeO + F e z 0 3  + MgO i n  host 

A p l o t  o f  ttie 5 /2  r a t i o  a n d  R V I ’ s  f o r  s e v e r a l  u n i t s  is 
sh~z~wn i n  F i g u r e  31. V a r n i s h  c u m p a s i t i u n s  were p r o b e d  b y  a 
s c a n n i n g  e l e c t r o n  mic rnscc tpe  w i t h  a n  e n e r g y  d i s p e r s i v e  
X-ray s y s t e m .  S i n c e  SEM a n a l y s i s  is t y p i c a l l y  i n a c c e s s i b l e  
to many i n v e s t i g a t w s  i t  is u s e f u l  to r e a l i z e  t h a t  t h e  
FeOi-MnO c o n t e n t  1:1f v a r n i s h e s  w e  have i n v e s t i g a t e d  r e m a i n s  
f a i r l y  c o n s t a n t  - 4(:)-50% - on f e l s i c  u n i t s .  The  R V I ,  
therefore ,  for o u r  s u i t e  o f  v o l c a n i c  roi:C::s is d e t e r m i n e d  
c h i e f l y  b y  t h e  f e l s i c  t e n d e n c y  o f  h o s t  rather t h a n  by 
v a r i a t i o n s  o f  FE! a n d  Mn i n  t h e  v a r n i s h .  F o r  sake o f  d e s e r t  
v a r n i s h  i d e n t i  f i c a t i u n  by  TM i m a g e r y ,  w h i c h  l a r g e l y  
i n v o l v e s  d e t e c t i n g  a d i f f e r e n c e  b e t w e e n  v a r n i s h  a n d  hctst  
c u m p u s i t i u n ,  w e  c a n  s a y  t h a t  ttie more f e l s i c  rlxC::s h a v e  a 
h i g h  R V I  p l s t e n t i a l .  

CONCLUSIONS 

TM s p  el: t r a 1 1: ti ar an: t er i s t i c s u f v o  1 c a n  i 1:: r uc k a s s e m b  1 a g e s  
a t  t h e  S t n n e w a l l  M o u n t a i n ,  Black; M o u n t a i n ,  a n d  Kane S p r i n g s  
Wash v o l c a n i c  c e n t e r s  a r e  d i s t i n c t  a n d  s e e m  to c c a r r e l a t e  i n  
p a r t  w i t t i  b o t h  r o c k  p e t r u c h e m i s t r y  a n d  e x t e n t  o f  d e s e r t  
v a r  n i s h  . S u p e r  v i s e d  c 1 assi  .f i c a t  i o n ,  
funct i l rsn CLASFY, w a s  e f f e c t i v e  a t  t h e  o n e  s i te  w h e r e  i t  was 
a p p l  i e d  , S t o n e w a l l  Mvunt ai  n ,  a t  d i  scr i m i  n a t  i ng m a p p a b l e  
f l x m a t i o n s .  D i s c r e t e  classes t r a i n e d  o n  p r e v i o u s l y  unmapped 

i n v 6  1 v i  n g I D I M S  
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Figure31. Plot of TM DN values for bands 5/2 
against the RVI of several units. Varnish 
compostions were collected by SEM-EDX probs. 

f ~ r m a t i ~ m s  w e r e  c o n s i s t e n t l y  c o r r e l a t i v e  w i t h  f i e l d  
c ~ b s e r v a t i o n  a n d  f i e l d  mapp ing  e f f l w t s .  D i r e c t i o n a l  f i l t e r s  
a i d e d  i d e n t i  f i c a i t u n  u f  t h i n  a i r  fa l l  a s h  d e p o s i t s  a t  t h e  
b a s e  o f  b o t h  t h e  S p e a r h e a d  a n d  C i v e t  Cat C:anyon T u f f  
d e p o s i t s .  S o m e  r e d u c t i o n  o f  v e g e t a t i o n  r e f l e c t a n c e  i n  c o l u r  
c o m p o s i t e  images w a s  a c c o m p l i s h e d  b y  a d d i n g  b a n d  r a t i n s  4/3 
a n d  5 / 6 1 ,  i n  w h i c h  v e g e t a t i o n  is b r i g h t  a n d  d a r k ,  
r e s p e c t i v e l y .  

C o n g r u e n c y  b e t w e e n  i m a g e r y  c o n t r a s t ,  b a n d  D N  v a l u e s  ewer 
t h e  v a r i o u s  l i t h o l o g i c  u n i t s ,  l a b  spectra ,  a n d  b i n a r y  a n d  
t e r n a r y  p l o t s  o f  b a n d  v s  band  a n d  b a n d  v s  c ~ m p u s i t i u n s  fcir 
t ti e vc111: a n  i c f #:I r m a t  i on 5 1 e a d  s t 13 d i s c r i m i n a t  or y p 13 t e n  t i a 1 
b a s e d  l a r g e l y  o n  a l b e d o  i n  t h e  l o n g e r  w a v e l e n g t h  b a n d s  a n d  
1-m 5/7 a n d  5/2 r a t i o s .  F i g u r e  32 is a b i n a r y  d e c i s i ~ s n  r u l e  
f l o w  d i a g r a m  f m r  a n a l y s i s  csf v o l c a n i c  c a l d e r a  s e t t i n g s  i n  
a r i d  t o  s e m i - a r i d  e n v i r o n m e n t s  b a s e d  o n  t h e  r e s u l t s  
p r e s e n t e d  a b o v e .  

RITIcF: :~  w i t h  a h i g h  E u c k - V a r n s i h  I n d e x  R V I  are f e l s i c  
r e l a t i v e  t o  d e s e r t  v a r n i s h  a n d  t h u s  b e a r  p o t e n t i a l  for  
v a r n i s h  i d e n t i f i c a t i o n .  The  R V I  c o n c e p t  a n d  h i g h  5/2 v a l u e s  
s e e m  p o t e n t i a l l y  a p p l i c a b l e  a lso t o  d i s c r i m i n a t i o n  of 
fe l s ic  r l x k s  w i t h  l o w  a l b e d o s  c a u s e d  by f a c t o r s  s u c h  a s  
matrix i r o n  r e s u l t i n g  f r m m  a u t o o x i d a t i u n  or o t h e r  s e c o n d a r y  
e f f e c t s ,  f r o m  more m a f i c  u n i t s  w i t h  l o w  s t r a i g h t  l i n e  
a l b e d c l s  a n d  l o w  5 / 2  v a l u e s .  
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Figure 32. Binary decision-rule flow diagram to help 
lithologic discrimination within Tertiary caldera 
settings using Landsat TM imagery. 
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WORK PLANNED FOR NEXT REPORTING PEF:IOD 

E f f o r t s  w i l l  c o n t i n u e  o v e r  t h e  n e x t  G m o n t h s  to f u r t h e r  
IDUY u n d e r s t a n d i n g  o f  p e t r u l i ~ g i c ,  p e t r o c h e m i c a l  , a n d  d e s e r t  
v a r n i s h  i n f l u e n c e  on TM s p e c t r a .  An a d d i t i o n a l  26 s a m p l e s  
h a v e  b e e n  s e l e c t e d  for  c o m p l e t e  g e o c h e m i c a l  p r o f i l i n g ,  12 
a d d i t i o n a l  d e s e r t  v a r n i s h  s a m p l e s  i d e n t i f i e d  f o r  
m i c r o p r o b e  a n a l y s i s ,  a n d  s o m e  81 f i e l d  s p e c t r a  h a v e  b e e n  
c a l i b r a t e d  a n d  p l o t t e d  fclr e v a l u a t i o n ,  i n c l u d i n g  
c m n p a r i s c m s  b e t w e e n  s a m p l e s  of t h e  s a m e  u n i t  w i t h  v a r i a b l e  
v a r  n i s t i  d i st r i b u t  i o n .  F u r  t tier s u p e r  v i  s e d  c 1 assi f i c a t  i on 
p r o c e s s i n g  i$ b e i n g  c o n d u c t e d  Ian i m a g e r y  over B l a c k  
M o u n t a i n  a n d  Kane S p r i n g s ,  a n d  a more f o c u s e d  i m a g e r y  
p r I x e s s i n g  e f f o r t  is b e i n g  c o n d u c t e d  o n  r a t io s  o f  b a n d s  2, 
5 a n d  7 w h i c h  t e n d  t u  h i g h l i g h t  b o t h  d e s e r t  v a r n i s h  a n d  
1 i t t i  o 1 o g  i e s w i t ti d i st i n c t i v e  p et r oc ti e m  i s t r y . I3 eo 1 o g i c 
maps,  b a s e d  on  remote s e n s i n g  u n i t s ,  o f  e a c h  o f  t h e  3 
areas are  b e i n g  c o m p i l e d .  M o r e o v e r ,  a m l x e  r e g i o n a l  r e v i e w  
of a s h  f l o w  d i s t r i b u t i o n  a r o u n d  S t o n e w a l l  M o u n t a i n  is 
u n d e r  i n v e s t i g a t i o n  b a s e d  o n  o u r  i m a g e r y  r e su l t s i .  W e  a re  
a l s l a  c o l l e c t i n g  d e n s i t y  m e a s u r e m e n t s  o f  d i f f e r e n t  z o n e s  
w i t h i n  w e a t h e r i n g  cortexes t u  r e f i n e  m a s s  b a l a n c e  
c a l c u l a t i o n s  to e n h a n c e  c o n c e p t s  on t h e  u r i g i n  o f  d e s e r t  
v a r n i s h .  
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